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PREFACE 
 
This doctoral thesis is submitted to the Norwegian University of Science and Technology 
(NTNU) for the degree of Philosophiae Doctor. 
The thesis comprises an introductory section and five published journal papers.  
The PhD work was carried out at NTNU Nanomechanical Lab, Department of 
Structural Engineering, NTNU, and was initiated in April 2006, under supervision of Prof. 
Zhiliang Zhang (Department of Structural Engineering, NTNU, Trondheim, Norway) and 
Dr. Helge Kristiansen (Conpart AS, Skjetten, Norway). The research was performed within 
the NANOMAT KMB project “Nanostructured Polymer and Composite Particles: 
Mechanical Properties (NanoPCP)”, financially supported by the Research Council of 
Norway, industry partners Conpart AS and Invitrogen Dynal AS. 
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ABSTRACT 
 
This thesis concerns the nanomechanics of micron-sized polymer and composite particles 
used in electronic packaging technology. The aim of this PhD study is to develop a 
scientific methodology for characterizing the mechanical properties of single micron-sized 
particles produced by the well-known Ugelstad method. This includes pure polymer 
particles as well as metal coated polymer particles.  
Such particles have recently been exploited for new applications in microelectronics and 
microsystems. The mechanical properties of the particles are of crucial importance for these 
applications. However, due to the inherent complexity of the spherical geometry, 
mechanical characterization of single particles possesses great challenges. Because of large 
surface to volume ratio and in most cases lack of surfactants, the polymer particles tested in 
this work usually occur in a state of clusters. Accordingly, a particle dispersion procedure 
has been first developed to obtain individual particles suitable for testing. Thereafter a 
nanoindentation-based flat punch method for measuring the mechanical properties of single 
particles has been established. A diamond flat punch is specially designed for 
characterizing single particles, instead of the common sharp tip used for nanohardness 
measurements.  
Both polymer and metal-coated composite particles with various chemical compositions, 
crosslink densities, sizes and loading conditions have been studied using the 
nanoindentation-based flat punch methodology. All the polymers have been of an 
amorphous type. The contact load-displacement relationship of single micron-sized 
particles has been recorded and the stress-strain behavior has been determined. It has been 
shown that the slightly crosslinked polystyrene particles display a yielding behavior, and 
smaller surface cracks have been observed after deformation. However, the strongly 
crosslinked acrylic and polystyrene particles show a brittle fracture behavior. A striking 
particle size effect on the mechanical properties has been discovered for the first time. The 
results show that for the slightly crosslinked polystyrene particles the smaller the particle 
diameter is, the harder the particle behaves. The corresponding mechanisms of the particle 
size effect have been analyzed and are mainly contributed by a possible “core-shell” 
microstructure of this type of polymer particles. The effect of loading rate on the stress-
strain behavior and the failure mechanism for both polymer particles and metal coated 
polymer particles has been investigated. The results indicate that the mechanical behavior 
of both particles is strongly dependent on the loading rate. The influence of the nanoscale 
metal coating has been revealed through comparing the mechanical properties of metal 
 iv
coated polymer particles with that of identical size, but uncoated ones. It has been found 
that within a range of relatively small deformations the metal coating plays a significant 
strengthening effect on the mechanical properties of the particles. 
The original findings in this PhD work have been presented in 6 international journal 
articles and 3 international conference papers. 5 published journal articles are attached in 
this thesis. 
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Chapter 1  
INTRODUCTION 
 
 
 
 
In this introductory chapter, the background and the objective for this PhD study are 
described, followed by a short summary of the achievements made in this work and a 
discussion of the thesis structure. 
1.1 Background 
This study represents the main part of the NANOMAT KMB project  [1] titled 
“Nanostructured Polymer and Composite Particles: Mechanical Properties (NanoPCP)”. 
The project has been supported by the Research Council of Norway  [2], Conpart AS  [3] 
and Invitrogen Dynal AS  [4]. The duration of the project has been from April 2006 to 
November 2009.  
There has been developed a unique competence to produce highly monodisperse, 
micron-sized polymer particles in Norway, based on the so-called Ugelstad technology  [5]-
 [7] invented by the late Professor John Ugelstad  [8] at the Norwegian Institute of 
Technology (now NTNU). The technology has been successfully used for industrial 
applications for around 30 years. So far these particles have been widely used in 
pharmaceutical, chemical and biological industries  [9]- [13]. Recently there is a renewed 
interest in exploiting this polymer particle technology toward applications in the 
manufacturing of microelectronics and microsystems.  
One example of the use of micron-sized polymer particles has been in the development 
and manufacturing of Liquid Crystal Display (LCD). Here one of the major concerns has 
been to obtain a reliable electrical contact between the electronics and the display. To cope 
with this challenge, Anisotropic Conductive Adhesive (ACA) was introduced in the late 70s 
by Sony  [14]. A few years later, Hitachi Chemical  [15] for the first time replaced the solid 
Ni-particles with Ni and Au plated polymer beads, which significantly improved the 
reliability of the contacts  [16] [17]. The composite particle usually consists of a polymer 
core with a typically diameter of 3 to 30 micrometer, depending on the type of display. The 
Chapter 1 INTRODUCTION 
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compliant polymer core dramatically improves the contact stability during thermal cycling 
and ingress of moisture. A 30-50nm thick Ni layer is first applied to the polymer core to 
obtain electrical conductivity and improve the adhesion to the polymer core. Thereafter a 
15-30nm Au outer layer is added to protect the inner layer from oxidation and hence 
improve contact reliability and electrical conduction  [18] [19]. The ACA technology is also 
very interesting as a replacement technology for solder as it can contribute to reduced 
package size, lower assembly temperature, environmentally friendly manufacturing and 
reliable performance.  
In the ACA application, some unique properties are required of the conductive particles 
to obtain a reliable interconnection. This includes uniform particle size, homogeneous 
microstructure and fit mechanical property. Using the Ugelstad two-step seeded 
polymerization method, polymer particles with the extremely narrow size distribution and a 
wide variety of chemical composition can be synthesized. The possibility to tailor-make 
mechanical properties as well as the narrow size distribution has been the main motivation 
to extending the Ugelstad technology into ACA applications through metallizing the 
polymer particles.  
A schematic plot of an ACA assembly is shown in  Figure 1.1. The conductive particles 
are dispersed in an adhesive matrix which is placed to form the electrical interconnections 
between an integrated circuit (IC) and a glass panel or a flex-circuit. These connections are 
made to be anisotropic such that the current can only travel through the thickness of the 
adhesive but do not short-circuit between adjacent joints. The bonding of the ACA 
assembly is a thermal-mechanical process, in which the conductive particles are highly 
deformed to create a sufficient contact area for achieving a low resistance connection. 
Therefore, the mechanical behavior of individual particles under such large deformation is a 
key issue in the ACA application. In order to understand the mechanics of micron-sized 
polymer and composite particles, such as deformation behaviors and fracture properties, the 
demand for mechanical characterization of single particles is raised  [17]. 
In a previous study  [23] it has been found that the fracture of the micron-sized 
conductive particles under compression takes place with different fracture patterns, as 
shown in  Figure 1.2. The appearance of particle failure is expected to bring a crucial impact 
on the electrical properties, in particular the reliability of the ACA assembly. A significant 
amount of work has been dedicated to understand the phenomena of electrical contact 
resistance within the particles due to the concern of the electronics industry  [20]. However, 
the mechanical properties of the particles have not been subjected to a thorough scientific 
investigation. A reliable and quantitative testing method for determining the mechanical 
properties of nanostructured polymer and composite particles has clearly been missing. 
This thesis represents as such a significant contribution to the scientific understanding of 
the mechanics of the micron-sized polymer and composite particle. 
 1.1 Background 
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(a) 
 
(b) 
Figure 1.1 A typical ACA assembly  [21] [22]. 
 
 
 
Figure 1.2 Different fracture patterns of conductive particles: (a) minor cracking of metal 
coating; (b) rift behavior; (c) cracking and delamination of metal coating; and (d) completely 
crushed particle  [23]. 
 
This thesis will focus on the mechanical characterization of both polymer and 
metallized polymer particles. From an experimental point of view it is very important that 
the particles produced by the Ugelstad technology shows very uniform properties from 
particle to particle. This fact is critical to be able to verify that the procedure developed for 
mechanical characterization is reliable and consistent. To simulate the particle behavior in 
Chapter 1 INTRODUCTION 
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the ACA assembly, a novel technique, based on Nanoindentation using a flat punch has 
been developed to investigate individual particles.  The thesis represents a systematic study 
on the mechanical properties of single micron-sized particles. The results of this work have 
been very important in the design and industrialization of the particle technology for 
electronic packaging applications. 
1.2 Objectives 
This thesis is dedicated to develop fundamental understanding and knowledge of 
mechanical properties of nanostructured polymer and composite particles aimed for 
electronic packaging technology. The focus has been on quantitative analysis, 
characterization and control of mechanical properties. Three interrelated objectives have 
been included in this work, schematically shown in  Figure 1.3. These are development of 
methodology for mechanical characterization, determination of constitutive properties and 
the relationship between mechanical properties and particle “design”, including particle size, 
chemical composition, crosslink density, and so on. 
 
 
Figure 1.3 The three interrelated objectives in this work. 
 
 Develop a nanoindentation based methodology for characterizing mechanical 
properties of individual particles. 
The particles used in ACA assembly are typically sized from around 3μm to 30μm in 
diameter. Due to small volume, spherical geometry, composite structure and large 
deformation involved in ACA application, the mechanical characterization of single 
particles is full of complexities and challenges. Previous studies on the ACA particles 
have typically focused on the aggregate properties of the monolayer of multiple 
particles, normally several hundred particles compressed between two flat surfaces 
 [22] [23]. It is very important to develop a suitable technique for measuring single 
particles. 
 1.3 Original Techniques and Findings 
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Nanoindentation with highly sensitive transducers for force and displacement 
measurements is the state-of-the-art nanomechanical testing method for determining 
mechanical properties of small volume materials. This technique has widely been 
applied to thin films, nanobelts, carbon nanotubes and so on. The fine resolution of 
nanoindentation is perfectly fit for the study of mechanical properties of the relevant 
particles. However, the current nanoindentation method is based on the contact theory 
of a rigid sharp tip against a deformable and initially flat surface of material. 
Obviously the traditional nanoindentation directly on free standing polymer particles 
is not relevant. Thus the first objective of this study was to modify the conventional 
nanoindentation technique and develop a new method to characterize single particles. 
 Determine the constitutive properties of single particles and systematically study the 
sensitivity of mechanical properties to different factors such as chemical composition 
and crosslinking.  
For industrial applications in the microelectronics industry it is a very important 
competence to be able to characterize mechanical properties of single particles and 
determine the constitutive properties of the commercial particles delivered by our 
industrial partners. The existing contact models used to describe the deformation of 
macroscopic spheres as a function of applied load are usually limited to small 
deformations and ignore time dependent behaviors  [24]- [26]. They are therefore 
inapplicable to describe particle behavior with large deformation. It is therefore a 
strong need to understand large deformation behaviors of the present particles and 
extend the knowledge to the particle design and manufacturing. 
 Establish a link between the mechanical properties and processing parameters of 
selected particles, and extend knowledge to design particles with unique properties. 
Once the experimental method is established, the work will change focus towards the 
relations between the mechanical properties and manufacturing parameters of the 
particles. Together with the Ugelstad technology, the results will be further utilized to 
design particles with unique properties for different applications. The variation of the 
chemical composition, the type of monomers, the type of crosslinking, the crosslink 
density and the glass transition temperature will be considered to optimize the 
mechanical properties of particles. This task has been carried out in collaboration with 
the industrial partner Conpart AS. 
1.3 Original Techniques and Findings 
This work represents a first quantitative and systematic study on the nanomechanics of 
single micron-sized polymer particles and metal coated polymer particles. A methodology 
has been established for mechanical characterization of single particles. The mechanical 
properties of particles have been investigated, including the effect of various factors on the 
Chapter 1 INTRODUCTION 
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large deformation behavior, the fracture process as well as other failure mechanisms 
observed in the particles. 
A novel experimental design to characterize the mechanical properties of the single 
micron-sized particles has been developed in this work. Procedures including the dispersion 
of particles and the nanoindentation-based flat punch test have been established. Due to a 
small volume and the lack of surfactants, particles possess large surface energy so that dry 
particles usually occur in a state of clusters. How to disperse these clusters and obtain 
single particles is an important precondition for the mechanical measurement. The selection 
of the dispersing medium and the sample substrate is crucial for obtaining single particles, 
keeping the particles fixed on the substrate, and minimizing their influences on particle 
properties. Through trying with different organic solvent and sample substrate, finally a 
dispersion process with the use of 96% industrial ethanol and a silicon chip as a substrate 
has been demonstrated and qualified.  
Based on the conventional nanoindentation technique, the flat punch test has been 
specially designed for compressing single particles. A diamond flat punch has been 
manufactured to deform single particles, instead of the commonly used sharp tip. The tip-
particle contact can be considered as an inverse indentation with a rigid plate against a soft 
sphere. A polished indium sample has been used to calibrate the relative position between 
the optics and the indenter, and also chosen as the standard for the co-planarity calibration 
of the flat punch to the silicon substrate. The load-displacement relationship under 
compression of single particles under large deformation has been established. The method 
has been applied to measure the mechanical response of single particles with different 
experimental conditions, and with a very high reproducibility. The influence of different 
factors during particles synthesis and mechanical testing on the mechanical behavior has 
been determined using the nanoindentation-based flat punch method. 
A previously unreported particle size effect on the stress-strain behavior has been found 
and the corresponding mechanisms have been analyzed. In a series of particles with 
identical chemistry but different size in micron scale, this size effect is manifested that the 
smaller the diameter is, the harder the particle behaves. An inhomogeneity of chemistry 
induced core-shell microstructure has been presumed to be the dominate mechanism for the 
particle size effect. The finding has important implications for the scientific research on 
micron- and nano- mechanical testing of materials.  
The fracture process and failure mechanisms of metal coated polymer particles have 
been published for the first time. The cracking and delamination of the metal coating from 
the polymer core have been documented in detail. A three-stage deformation process has 
been identified. The results provide understanding of deformation and fracture of metal 
coated polymer particles, which offers theoretical support to designing conductive particles 
and manufacturing ACA assemblies. 
 1.4 Organization of the Thesis 
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So far, this work has been published in five international journal articles  [27]- [31] and 
three international conference papers  [32]- [34]. Besides, one journal article has been 
submitted  [35] and some papers are under preparation. 
1.4 Organization of the Thesis 
The thesis contains an introductory section and five separate papers. The introductory 
section is organized in 6 chapters. The introduction to this study is presented in  Chapter 1 
and outlines the background and objectives. The original findings in this PhD work are also 
given in this chapter.  
A literature review on development of micron-sized polymer particles is presented in 
 Chapter 2. The conventional nanoindentation technology is briefly introduced here. The 
Ugelstad technology and applications are elaborated to illustrate the synthesis of polymer 
particles. The history of mechanical characterization of particles is also reviewed here. The 
main challenges of this study are finally pointed out in the last section. 
 Chapter 3 introduces general knowledge of the particles used in this study. The 
preparation of the particle sample is explained in detail. 
The details of the experimental method, including the used flat punch, the co-planarity 
calibration and the measurement procedures, are described in  Chapter 4. 
In  Chapter 5 a summary of the five published journal papers produced in this PhD study 
are presented and the scientific papers are attached. In addition, the results presented at 
international conferences are listed. 
Finally concluding remarks are presented and suggestions for further work are discussed 
in  Chapter 6. 
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Chapter 2  
LITERATURE SURVEY 
 
 
 
 
The goal of this chapter is to present the background for the work performed in this thesis. 
This includes an introduction of the conventional nanoindentation method together with an 
overview of the particle technology including synthesis and application, and the review of 
the previous research about ACA including electrical performance of ACA assembly and 
mechanical characterization of the polymer particles. In the last part the main challenges 
involved in this work are offered. 
2.1 Nanoindentation 
During the last two decades, the development of nanoindentation techniques have been 
motivated by the progress made in nanocomposite and thin film materials and their 
application in the miniaturization of engineering and electronic components. The scope of 
mechanical testing was extended down to the nano range by newly available methods for 
measuring mechanical properties in a small volume. This has been achieved mainly through 
the development of instruments capable of continuously measuring load and displacement 
with a very high resolution, so-called nanoidentation  [36]. Today, nanoindentation has 
become a well-known method used for probing the mechanical properties at the micro- and 
nano- scale  [37] [38]. During nanoindentation test, the contact load and displacement are 
simultaneously monitored and the obtained load-displacement relationship during this test 
contains a wealth of information. From the load-displacement data, the mechanical 
properties, such as, nanohardness and reduced elastic modulus can be directly determined 
according to the renowned Oliver and Pharr’s theory  [39] [40]. Due to the extremely high 
sensitivity of the load and displacement transducers used for these measurements, the 
technique satisfies a wide range of applications. Besides the two most commonly measured 
properties, hardness and elastic modulus  [41] [42], nanoindentation can also provide 
information on cracking, creep, strain-hardening, phase-transformation, fracture toughness 
and energy absorption, etc.  [43]- [47]. Since the measurement scale is very small, 
nanoindentation is also applicable to thin films or coating systems  [48]- [52]. 
Chapter 2 LITERATURE SURVEY 
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2.1.1 Nanoindentation Theory 
Nowadays a well-established nanoindentation theory is used and based on Oliver and 
Pharr’s analyses  [39]. The two main mechanical properties measured by nanoindentation 
are the hardness H  and elastic modulus E . During the nanoindentation, the contact load-
displacement curve is recorded, and both elastic and plastic deformation will normally 
occur. However, at the initial stage when the indenter starts to withdraw, only the elastic 
portion of the displacement is recovered. Therefore an elastic solution in modelling the 
contact process can be obtained at this point, which can be used to calculate the elastic 
modulus. 
 Figure 2.1 (a) plots the configuration during and after nanoindentation. The indenter 
first penetrates into material surface until the pre-defined peak load; then withdraws from 
the specimen and leaves a residual indent on the material. A typical contact load-
displacement curve obtained during nanoindentation is shown in  Figure 2.1 (b). Here maxh  
represents the penetration depth at the peak load maxP , ch  is defined as the contact depth 
and calculated by the recovery displacement after indentation, and fh  is the final 
displacement after unloading. According to the normal definition, the hardness H  is 
expressed as the contact load maxP  divided by the projected contact area A  and represents 
the mean pressure that a material can support under a certain load 
A
PH max                                                                                            (2.1)   
The projected contact area A  is expressed as a function of the contact depth ch  and can be 
obtained by a tip-shape calibration on a standard fused quartz sample (see section  2.1.2).  
Through taking the assumption that Young’s modulus of elasticity is constant and 
independent of indentation depth, the initial unloading contact stiffness DhdPS /  which 
is the slope of the initial portion of the unloading curve, is employed to calculate the elastic 
modulus. Based on the relationship for the indentation of an elastic half space by a punch, 
which can be described as a solid of revolution of a smooth function, a geometry-
independent relation involving the contact stiffness S , contact area A  and reduced elastic 
modulus rE  can be derived as 
AE
dh
dPS r
2                                                                      (2.2) 
Rearranging eq. (2.2): 
2)(
4 rE
SA                                                                                    (2.3) 
 2.1 Nanoindentation 
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T
T
S
S
r EEE
22 111                                                                           (2.4) 
where E  and   are the elastic modulus and Poisson’s ratio for the sample (subscript S ) 
and the tip (subscript T ), respectively. For a diamond tip, GPaET 1140  and 07.0T .  
The reduced elastic modulus rE  accounts for the fact that the measured displacement 
includes contribution from both the specimen and the indenter. 
 
 
(a) 
 
(b) 
Figure 2.1 Schematic plots of (a) the indentation pattern of an elastic-plastic material and (b) a 
typical load-displacement curve  [39]. 
 
In the calculation, the contact stiffness can be calculated from the contact load-
displacement curve, while the projected contact area to the contact depth function has to be 
determined on the standard fused quartz sample beforehand. Moreover the hardness and the 
Chapter 2 LITERATURE SURVEY 
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reduced elastic modulus are deduced from the above equations based on the elastic solution. 
It should be noted that the Oliver-Pharr theory neglects a pile-up (movement of the material 
around the tip above the original surface plane) or sink-in (the material surface after 
measurement around the tip below the initial surface) during the penetration of the indenter 
into the material surface, as shown in  Figure 2.2. It will therefore underestimate the true 
contact area at the presence of a pile-up, and overestimate this area when a sink-in occurs. 
It influences the results of the hardness and reduced elastic modulus. Besides, this theory 
does not consider the time-dependent behavior of materials, so that the modification of the 
calculation is required when testing viscoelastic materials, such as polymers  [53]- [55]. 
 
 
 
Figure 2.2 Schematic plots of nanoindentation pile-up and sink-in. 
 
2.1.2 Indenters 
Diamond is the most generally used material for the indentation tip due to its large hardness 
and elastic modulus which minimize the contribution of the indenter itself to the 
measurement. There are many geometric configurations available for the indenter tip for 
use in the nanoindentation testing. The geometrical accuracy of the tip becomes more 
critical as the indenter volume is reduced. The commonly used tips for nanoindentation 
measurement are shown in  Figure 2.3. 
 2.1 Nanoindentation 
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Three sided pyramid tips, such as the Berkovich tip and the Cube Corner tip, are 
commonly used for the measurement of hardness and reduced elastic modulus at small 
scales. The Berkovich tip includes a total peak angel of 142.3° with a half angle of 65.35° 
which makes a very flat tip, as shown in  Figure 2.3 (a). The average radius of curvature for 
a Berkovich tip is typically between 100 and 200nm. The Berkovich tip is used as the 
standard indenter for nanoindentation measurement. The Cube Corner tip includes a right 
angle, which makes the shape same as a corner of a cube, as shown in  Figure 2.3 (b). The 
sharper angle and a higher aspect ratio of the Cube Corner tip allow the radius of curvature 
to be much smaller than that for a Berkovich tip. There are three classes of the Cube Corner 
tip depending on the radius of curvature: less than 40nm, 40-60nm and 60-100nm. The 
smaller the radius of curvature of the tip, the thinner films can be measured accurately, but 
it is easier to chip or break the tip. 
The other commonly used tip is the conical tip with a spherical end, as shown in  Figure 
2.3 (c) and (d). Due to the limitation of tip geometry, it is very difficult or impossible for 
the conical tip to get the radius of curvature at the end as small as that for the three-sided 
pyramidal tip. The radius of curvature for the conical tip is usually larger than 1μm. This tip 
is frequently used for wear and scratch testing on hard materials because of the non-
directional geometry. Besides, this tip would also work well with soft materials such as 
polymer which is too soft to image with the Berkovich tip. 
 
 
Figure 2.3 Commonly used nanoindentation tips  [56]: (a) Berkovich; (b) Cube Corner; (c) 
conical tip with radius 3μm; and (d) conical tip with radius 1μm. 
 
(a) 
(d) (c) 
(b) 
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Before nanoindentation test, the tip-shape calibration is necessary to determine the area 
function of the indenter. This calibration is based on the assumption that the Young’s 
modulus of the standard material is constant and independent of the indentation depth. 
Fused quartz with Young’s modulus of 72GPa is usually used for this purpose. Through 
making a number of indentations with different contact depth on the fused quartz and then 
fitting with the computed area as a function of the contact depth, the area function of 
indenter is expressed as a sixth order polynomial of the form: 
A C h C h C h C h C h C hc c c c c c     0 2 1 2 1 2 3 1 4 4 1 8 5 1 16/ / / /                                             (2.5)  
where 0C  for a Berkovich tip is 24.5 while for a cube corner (90
o) tip is 2.598. For an ideal 
Berkovich tip, the projected contact area 25.24 chA  . 
However, while these tips are working well on an initially flat surface, they are not 
suitable for a curvy surface unless the radius of curvature of the surface is much larger than 
the indentation depth. This is certainly not the case when trying to measure large 
deformation of a micron-sized spherical particle. Therefore a new geometry of the indenter 
is required for the particle characterization in this study. 
2.1.3 Instruments 
There are several commercially available nanoindentation instruments with different 
designs. The device used in this work is the Triboindenter® (Hysitron, MN, USA) ( Figure 
2.4 (a)). The central part of Triboindenter is the patented design of the transducer, which 
includes a three-plate capacitive sensor for load and displacement measurements, as shown 
in  Figure 2.4 (b). This transducer design provides a high sensitivity of 1nN and 0.004nm for 
load and displacement, respectively. The tip is mounted to the capacitive plate in the center, 
which is suspended in springs and free to move in the normal direction. By modulating the 
electrical potential applied to this center plate with respect to the top and bottom plates an 
electrostatic actuated force is applied to the center plate and hence drives the indenter tip. 
The force applied to the indenter tip is therefore the sum of the electrostatic applied force 
and the force introduced by the deformation (displacement) of the spring. The displacement 
is calculated from capacitance between the center plate and the top/bottom plate 
respectively. Due to the high resolution and the low drift during measurements, the 
Triboindenter is suitable for mechanical testing of materials and the material responses at a 
very small scale. Thus the Triboindenter with a specially designed tip was chosen to 
characterize the single micron-sized particles in this study. 
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(a) 
 
(b) 
Figure 2.4 (a) The Hysitron Triboindenter® and (b) the cross-section schematic of three-plate 
capacitive sensor of transducer. 
 
2.2 Polymer Particle Technology 
The polymer particles studied in this thesis are monodisperse spheres  [57]- [61] with a 
narrow size distribution, and with a diameter ranging from 500nm to 30µm. In general, 
polymer particles and their suspensions (colloids) have been widely used as various 
industrial materials, for example, paints, adhesives, foods, gels and cosmetics, and also 
have numerous potential applications in sensors, templates for nanostructure formation, 
magnetic storage media, and photonic bandgap crystals  [62]- [65]. The preparation of 
polymer particles has been an intensive area of research for a long time. The technologies 
have been advanced such that a variety of structured particles can be possible including 
chemical composition, core-shell structure, microdomain and porosity/voids. 
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There are several methods used to synthesize micron-sized polymer particles. Only four 
commonly used methods are summarized as follows. First, the polymer particles can be 
prepared by suspension polymerization, in which all ingredients are mixed through 
mechanical agitation to form homogeneous solutions before polymerization. By such a 
method the particle size distribution is largely determined by stirring intensity, resulting in 
the limitation of a broad size distribution and a particle size larger than 100μm which is 
unfavorable in a number of applications, for instance within electronic packaging 
application  [67]. Secondly, by means of dispersion polymerization, in which the reaction 
takes place on the surface of the monomer droplets, monodisperse micron-sized particles 
may be obtained but the crosslink density is required to be less than 1%. Otherwise, it will 
result in particles with irregular shape  [68]. The third, the emulsion polymerization is often 
used in batch, semi-batch and continuous processes, which is usually starts with an 
emulsion incorporating water, monomer and surfactant. The most common type of 
emulsion polymerization is an oil-in-water emulsion, in which the monomer droplets (oil) 
are emulsified (with surfactants) in a continuous phase of water  [69] [70]. The drawback of 
emulsion polymerization is that the technology for the required emulsion breaking is 
difficult to control. The above mentioned methods for producing micron-sized polymer 
particles are the single-step processes. In addition, seeded polymerization has been an 
effective method to produce micron-sized polymer particles with a narrow size distribution, 
controllable particle size and high crosslink density  [71] [72]. Seeded polymerizations are 
performed for three purposes: (1) enlargement of particle size; (2) formation of skin layer to 
introduce new functions; and (3) formation of non-spherical or uneven particles caused by 
phase separation during the polymerization. Enlargement of particles by seeded 
polymerization had been a very troublesome work before the activated swelling method 
was developed by Ugelstad  [73]. The reformed seeded polymerization which is named as 
Ugelstad method has been introduced to prepare extremely monodisperse polymer particles 
which are well controlled with a wide range of particle size and crosslink density  [74]- [76]. 
In this study, all polymer particles are synthesized by using Ugelstad method. For this 
reason only the Ugelstad method is detailed in the next section. 
2.2.1 Ugelstad Method 
Ugelstad method, which is based on seeded polymerization and emulsion polymerization, 
involves a two-step activated swelling process, as shown in  Figure 2.5. This method 
provides large possibility to control the size and the size distribution of micron-sized 
polymer particles  [6]. The main feature of this method is that the activated seed polymer in 
aqueous dispersion is capable of absorbing monomers far exceeding the case of pure 
polymer particles. The activation of the seed particles results from the presence of the Y-
compound which is highly water-insoluble and has relatively low molecular weight. The Y-
compound can be transported through the aqueous phase to be absorbed inside the seed. 
Therefore, the Y-compound acts as not only an initiator for the polymerization but also an 
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activator for monomer absorption in the first-step swelling. The second-step swelling is 
facilitated by attendance of the Z-compound in the form of an emulsion where Z-compound 
is slightly water soluble and low molecular weight  [77]- [80]. As long as the two swelling 
processes are properly performed, the preparation of polymer particles starts with 
monosized seeds and experiences an equal swelling of each particle to maintain the 
monodispersity during the process. When the polymerization is started, all necessary 
ingredients are present and mixed in the highly swollen seed particles. This implies that the 
activated swelling method is especially suitable for the synthesis of cross-linked polymer 
particles. The monomers which have been applied to prepare monosized polymer particles 
by Ugelstad method are styrene and styrene derivatives, divinylbenzene (DVB), alkyl-
acrylate and so on. 
 
 
Figure 2.5 Preparation of highly monodisperse polymer particles by using Ugelstad method. S: 
seed; P: particle. 
 
It has been shown that using Ugelstad method, the micron-sized polymer particles with 
the size of 100-1000 times of nano-scale seed particles can be obtained with a standard 
deviation of particle diameter of less than 2%  [74]. This method is also suitable for the 
synthesis of porous macroreticular particles  [81] in which the second-step swelling has to 
be carried out by applying inert diluents in addition to monomers. Besides, polymer 
particles with special functionalities have been developed through post treatments, such as 
surface modification and in-site deposition of magnetic iron oxides. A wide range of 
applications of monosized polymer particles in various sizes and materials have been 
exploited. 
2.2.2 Particle Applications 
The Ugelstad method allows manufacturing of polymer particles with a very narrow size 
distribution with sizes ranging from sub-micron up to several hundred microns. During the 
last 30 years many applications of monosized polymer particles in various sizes and 
materials have been developed, which are listed in  Figure 2.6. The particles have been 
proven highly successful in biotechnologies, pharmaceutical and chemical industries. 
S 
Diffusion 
Oil-droplets 
(Y-compound) 
S+Y 
Diffusion 
Z-compound 
P 
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Figure 2.6 Schematic illustration of various applications of compact and porous monosized 
polymer particles  [11]. 
Compact particles 
Standards for size and number 
Radioactive particles 
Spacers for liquid crystal displays 
Fluorescent and colored particles 
Modelling of physical phenomena 
Magnetic holes 
Immunological analysis 
Separation media 
Magnetic compact 
particles 
Magnetic resonance imaging 
Medical research 
Porous particles 
Ion exchangers 
Chromatographic supports 
Biological separation 
Catalytic supports 
Magnetic porous 
particles 
Cell separations 
Organelles and viruses isolation 
Tissue typing 
DNA synthesis, sequencing and probes 
Immunological analysis 
AIDS diagnosis and research 
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One common application of monosized polymer particles is as chromatographic support 
in chemical analysis  [82]- [84]. The demands on the packing materials for high performance 
liquid chromatography are rigidity, chemical stability towards solvents and pH-changes, 
high load capacities and low non-specific interactions. Highly crosslinked particles 
prepared from synthetic polymers like polystyrene-co-divinylbenzene (PS-DVB) and 
acrylate or methacrylate copolymers, which are mechanically and chemically stable and are 
able to withstand high pressures and high flow rates, have been developed to meet the 
demands in chromatographic applications. At the same time, the highly crosslinked styrene-
divinylbenzene copolymers are very rigid and may be operated over a wide pH range, 1-14.  
In addition, monosized crosslinked polymer particles have been also extensively used as 
model systems to study fundamental aspects of many-body phenomena like packing, 
aggregation, crystallization, melting and fracture  [85]- [88]. Up to now experiments on real 
systems allowing direct observations have been very few compared to the number of model 
simulations on computers. However, even the most advanced computers have to operate 
with very simplified models, and it has been questioned how realistically the computer 
models reflect nature and how quantitative these results are. In order to carry out analog 
experiments with particles, it is in many cases required to have a large number of uniformly 
sized and shaped particles. In this respect highly monodisperse particles including 
crosslinked particles in different sizes has been used to construct experimental models for a 
variety of equilibrium and non-equilibrium processes.  
2.3 Anisotropic Conductive Adhesive 
2.3.1 Reliability of ACA 
For the applications discussed, the particle development has mainly focused on the 
syntheses and functional modification rather than on mechanical performance and 
characterization. However, as these particles are now introduced in microelectronic and 
microtechnology applications, mechanical properties becomes very important. For instance 
the factors that determine the performance and reliability of a typical Anisotropic 
Conductive Adhesive (ACA) interconnect (as shown in  Figure 1.1) can be divided into two 
categories: one is the properties of components, such as bump size and height, the substrate 
type and the properties of the metal plated conductive particles; the other is the parameters 
during bonding process, for instance, temperature, pressure and curing conditions  [89]- [95]. 
In this application the metallized polymer particles are electrical conductors providing 
current paths between the chip bumps and the corresponding substrate pads through the 
mechanical contacts obtained during the deformation of the compressed particles. Enlarging 
the contact area between the bump (substrate) and particles is able to significantly improve 
the electrical contact of ACA assemblies. Therefore, the mechanical properties of 
conductive particles under large deformation are of crucial importance for the performance 
of ACA assembly.  
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While the literature on the mechanical characterization of particles is relatively sparse, 
most studies have focused on the performance of the whole ACA assemblies and the effect 
of conductive particles on the reliability of the ACA assembly. Yim and his colleagues have 
studied the design, manufacturing, reliability and degradation mechanism of ACA 
assemblies. Their results showed that there is, as expected, a relationship between particle 
content and the connection resistance. Increasing the initial particle content in the adhesive 
will increase the number of particles on the terminal, and the connection resistance 
decreases  [96]- [98]. In 1999, Sarkar et al. published a paper focused on the application of 
ACA used for Chip-On-Flex technology. They found that increasing the fraction of the 
conductive particles can seriously affect the manufacturing yield by causing short circuits 
in the assembly  [99]. Later, Chin et al. reported electrical contact properties of ACA 
assembly including metal coated polymer particles. The effect of elastic recovery of the 
whole ACA assembly on the electrical contact resistance was investigated and modeled 
 [100] [101]. Galloway’s group has studied the mechanical, thermal, and electrical behaviors 
of a compliant interconnect. In their work the particle has a quite large size up to hundreds 
micrometer, and is mainly used for ball grid array (BGA) package  [102]. Dou et al. have 
reported a mathematical function describing the electrical resistance of an ACA particle. 
The function includes the effect of particle transformation degree, polymer core diameter, 
nickel layer thickness, and gold layer thickness, based on a physical model of an ACA 
particle  [103] [104]. 
2.3.2 Mechanical Characterization of Particles 
Due to small volume, spherical geometry and composite structure involved in the particles, 
the mechanical characterization of those particles possesses great challenges. Due to the 
small size of the particles it is very difficult to obtain accurate data for the mechanical 
properties using conventional mechanical testing methods. Deformation of a sphere is 
complex, since the strain of the particles is highly nonuniform. The strain is localized in 
small area when the compression starts, and the contact is close to a point contact. Besides, 
if the particle is coated by metal layer, the multilayer structure brings more complexity to 
the mechanical characterization due to the constitutive difference of polymer and metal 
materials.  
So far, there are only limited investigations focused on the mechanical characterization 
of micron-sized particles. In the early work, the mechanical behavior of metal coated 
polymer particles was measured through dispersing a number of particles (typically several 
hundreds) as a single layer between two silicon chips  [105] [106]. Additionally, the 
resolution of load and displacement measurement in this setup is too rough to accurately 
characterize the particles. So this method is far from sufficient for mechanical testing of 
single particles use in ACA assembly. Later, the development of nanoindentation 
techniques has made new methodology available to study the conductive particles. 
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Nanoindentation with a sharp tip was first used to study the mechanical properties of a 
cross section of polymer particles within the bulk ACA interconnection at various 
deformation degrees  [107] [108]. The aim was to investigate the effect of bonding pressures 
on the particle properties. It was found that the microhardness at the central area was higher 
than that at the outside because of the lower constraints at the surface. This work was one 
of the first to address the properties of single particles, however, only properties in local 
areas of particles were investigated and the microtomy used to cut the ACA interconnection 
might alter the surface properties of the particle’s cross section. Subsequently, a simple 
instrument with a flat hammer was constructed to compress single particles and analyzed 
the effect of particle deformation levels on the ACA performance  [109]- [111]. The effects 
of the swelling ratio, and hence the chemical composition and the backbone chain structure 
were investigated with respect to macroscopic compression behavior and surface 
morphologies of particles. A numerical model based on finite element analyses was 
proposed to determine the elastic properties of micron-sized polymer particles under 
compression  [23] [112]. Recently a study on the deformation properties of individual metal-
coated polymer particles was reported, and the results showed that the particle deformation 
process was nonlinear due to both the geometry nonlinearity and material nonlinearity 
 [113]. However, a systematic study on mechanical properties of individual micron-sized 
polymer particles and metal coated polymer particles has been missing. This thesis will 
focus on the nanomechanics of those particles and establish the characterization 
methodology of micron-sized polymer particles. 
2.4 Challenges and Tasks 
The introduction of micron-sized polymer particles in applications, such as electronic 
packaging technologies and solar cell assemblies has made it necessary to investigate the 
mechanical properties of such particles. There are still big challenges to overcome in the 
mechanical characterization of such particles. 
Due to a large surface area resulting from a small volume of particles, dry particles 
usually occur in a state of clusters. How to disperse particle clusters and get individual 
particles is an important precondition for mechanical characterization of such particles. 
Different types of organic solvent, for example acetone, or methanol, may disperse particle 
clusters but will at the same time modify the particle behavior. In addition, a proper sample 
substrate is necessary for minimizing the substrate effect on the particle behavior during 
measurement. This includes low surface roughness, a suitable surface tension to 
accommodate the dispersion of the particle suspension, as well as high mechanical rigidity. 
When considering the deformation of the particles, the properties of particles in two 
scales should be identified: micro properties and macro properties, and the two are related 
to each other. Micro properties relate to the hardness of the materials constituting the 
particles and reflect the local response of materials, while the macro properties relate to 
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deformation properties of the whole particle. A previous study has been focused on the 
micro-properties using a nano-indenter on cross sections of ACA samples assembled at 
different pressures  [108]. The macro-properties of the ACA particles are critical to the 
ACA material performance because they determine how the particle deforms and the 
resulting contact forces associated with the deformation. Therefore an effective technique is 
highly required to simulate the working conditions of particles within ACA assemblies and 
measure the macro-properties of single particles. The method should be capable of 
accurately measuring the mechanical response of single micron-sized particles under 
compression. Based on nanoindentation, extreme accuracy of measurement can be obtained 
for small volume of particles. But the characterization of single particles is challenging to 
the existing methodology. A well designed method and reproducible experimental setup are 
necessary to get the repeatable and reliable results. 
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Chapter 3  
POLYMER PARTICLES 
 
 
 
 
This chapter describes the general knowledge of polymer particles and metal-coated 
polymer particles used in this research. The particle dispersion process and the sample 
preparation procedure for obtaining single particles are also discussed. 
3.1 Particles 
The focus of this thesis is on the nanomechanics of single micron-sized particles. The 
mechanical properties of Ugelstad polymer particles and metal coated Ugelstad polymer 
particles have been systematically investigated. The structures of two kinds of particles are 
schematically shown in  Figure 3.1.  
                
(a)                                                          (b) 
Figure 3.1 Configurations of (a) a polymer particle (AC or PS-DVB) and (b) a typical metal 
coated polymer particle (AC core). 
 
3.1.1 Solid Polymer Particles 
The polymer particles characterized in this study are manufactured using the Ugelstad 
method and the particle sizes have ranged from 2.6μm to 78.9μm. The compact polymer 
particles tested have been made of two distinctly different polymer chemistries. These are 
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acrylic-diacrylic particles (AC) made by Conpart AS, NO, under the trade name ConcoreTM, 
and polystyrene-divinylbenzene particles (PS-DVB) made by Invitrogen Dynal AS, NO, 
under the trade name Dynospheres®. Both particles are amorphous at room temperature and 
have a crosslinked structure. The AC particle has a constant crosslink density of 60%, but 
different sizes. The coefficient of variance (CV) of particle size distribution is less than 3%, 
where CV is defined as the ratio of the standard deviation of the particle size to the mean 
diameter. The PS-DVB particle is polystyrene based and crosslinked by divinylbenzene and 
has a wide range of particle size and crosslink density, which are used to check the effect of 
the size and the crosslink density on the mechanical properties of particles. The CV of size 
distribution for PS-DVB particle is less than 2%. 
The representative SEM photographs of AC and PS-DVB particles are shown in  Figure 
3.2. From each of the images, it can be observed that the particles have identical size and 
morphology for each manufacturing batch. There is, however, a significant difference 
between the morphologies of two particles, showing that the AC particles have a rough 
surface while the PS-DVB particles display a smooth surface.  
   
(a)                                                                   (b) 
Figure 3.2 SEM photographs of (a) AC particle with diameter of 3.0μm and (b) PS-DVB 
particle with diameter of 2.6μm. 
 
3.1.2 Metal Coated Polymer Particles 
Metal coated polymer particles are prepared by depositing the metal layer(s) on the AC 
particles through an electroless plating process  [114]. Two metal layers have been 
deposited on the AC core. First there is typically a 35-50 nanometer Ni inner layer for 
obtaining electrical conductivity and increasing adhesion to the polymer core. This layer is 
covered by a 15-25 nanometer Au layer, to improve contact reliability and electrical 
conduction, partly by protecting the inner layer from oxidation. The morphology of metal 
coated polymer particles is shown in  Figure 3.3. From the image, it can be seen that the 
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metal coating is formed by a process where nanometer sized metal particles are formed in 
the solution, and then subsequently adhered to the surface. This results in a metal coating 
layer which is not very homogeneous. In addition, larger silica particles used as dispersing 
agent in some of the processes adheres to the polymer particle. 
 
 
Figure 3.3 SEM photograph of Ni/Au coated AC particle with 4.8μm diameter. 
3.2 Particle Dispersion 
To investigate properties of single micron-sized particles, the spreading of particles is 
obviously an important precondition. In order to evenly disperse particles, different types of 
solvents have been tested: water, acetone and 96% ethanol. The particles spread in water 
took long time to be dried completely. And also the particles showed a relatively large 
deformation after drying, which was probably caused by the capillary force as the water 
evaporated. This pre-deformation varied from particle to particle and was in addition 
difficult to quantify. Hence the effect of the pre-deformation could not be easily 
compensated in the results. It was therefore concluded that water is not a proper medium 
for particle dispersion. When trying to use acetone as the dispersing medium, the particles 
dried rapidly but large shrinking occurred after drying. This was most likely because the 
acetone dissolved the non-crosslinked parts of the particle which came from the seed 
particle used in the Ugelstad process. Much better results were obtained when using 96% 
industrial ethanol as the dispersant. Due to the low surface tension of ethanol, a very small 
pre-deformation of the particle was observed. The ethanol did not dissolve the seed of the 
particle, keeping particle size constant. Ethanol also gave a stable wetting of the substrate 
as well as a suitable evaporation rate, with very little residues. A lot of experience also 
showed that the particles were well cleaned in the industrial ethanol. Using industrial 
ethanol effectively resolved the problem with pre-deformation and shrinking of particles, 
and also provides good adhesion between the particle and substrate. We therefore finally 
ended up with 96% industrial ethanol as dispersing medium. 
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As for the sample substrate, both pieces of microscope glass plate and silicon chip were 
tested using the different solvents mentioned above. The glass plate displayed a large 
compliance on the measurement results due to lack of planarity. The silicon chip is sized of 
10×10×0.5mm3 and has good planarity. Furthermore the silicon has much stiffer 
mechanical properties comparing to the tested particles, i.e. Young’s modulus, which will 
decrease the effect of the substrate on the measuring results according to the Hertz theory 
 [115] [116]. On the stage of the Triboindenter there are 9 sample positions and the center of 
each sample position has a magnet mounted inside the stage, hence the samples are held 
down magnetically. For this reason a steel disc (Φ15mm×0.25mm) is chosen to provide the 
magnetic force and thus fix the sample on the stage. The silicon chip was glued onto the 
steel disc using instant glue Cyanoacrylate  [117]. 
Hereby, a particle dispersion process has been established using 96% ethanol as the 
solvent and silicon chip as the substrate. The sample preparation procedure has been 
developed. During the sample preparation, a tiny amount of the polymer particles were 
immersed in 96% industrial ethanol and exposed to a high frequency ultrasonic vibration to 
de-agglomerate the particle clusters. A small droplet of the ethanol – particle suspension 
was placed on the bare silicon chip glued onto the steel disc. The specimens were then left 
to dry in a clean environment for a specific period of time to remove any ethanol left in 
particles, usually 12 hours. It was easy to distinguish single particles from a cluster of 2 or 
more particles using the attached optical microscope in the Triboindenter. One example of 
AC particles with 3.0μm in diameter is shown in  Figure 3.4. 
 
 
Figure 3.4 The image of AC particles with diameter of 3.0μm under the integrated optical 
microscope in the Triboindenter. 
 
Single particle 
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This chapter presents the flat punch methodology developed in this PhD study, followed by 
a discussion on the measurement of mechanical properties of single particles. 
4.1 Flat Punch 
4.1.1 The Diamond Punch 
The conventional nanoindentation is usually used to penetrate the initially flat material 
surface with a sharp tip for studying the local response of material. However, in this work 
the macroscopic properties of single particles are the focus, so a modification of the 
indenter is necessary. Inspired by the large amount of work done on the contact between a 
rigid plate and a soft sphere, we have successfully developed a nanoindentation-based flat 
punch method to investigate individual micron-sized particles. Instead of the commonly 
used sharp tip, a specially designed punch with a flat-end, as shown in  Figure 4.1, was 
manufactured. The punch is made of diamond and the flat end has a diameter of around 
100μm. The reason for choosing diamond to make the flat punch is that this material is 
rigid enough to minimize the influence on the measurement.  
4.1.2 Co-planarity 
The experimental setup is shown in the image in  Figure 4.2. The particles are placed on the 
silicon chip and compressed between the flat punch and the silicon substrate. Obviously, 
the coplanarity of the flat punch and the parallelism between the punch surface and the 
silicon substrate are of crucial importance to the precision of the measurement. If the 
coplanarity and parallelism of the flat punch is not well calibrated for the small particles, 
the edge of the punch might reach the substrate before the compression of the particle is 
finished. There are two factors influencing the coplanarity and parallelism of the flat punch: 
one is the planarity of the flat punch, and the other is the mechanical mounting of the tip 
and the TriboScanner. Besides carefully mounting the tip to the transducer and the 
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TriboScanner to the Triboindenter carriage, the precise calibration of the flat punch is 
required before the testing.  
 
    
(a)                                                                  (b) 
Figure 4.1 The flat punch tip used: (a) side view and (b) top view. 
 
 
Figure 4.2 Experimental setup of the flat punch test. 
 
The size of the flat punch is about 100μm in diameter and the maximum load of 
Triboindenter is 10000μN, so the contact stress of the flat punch to an initially flat material 
surface is about 1.27MPa. This value is quite small for most materials and it is therefore 
difficult to get a residual indent on them. For instance, single crystal aluminum which is 
used as a standard sample for the calibration of the sharp tips is too hard to leave any 
residual imprint. Based on this consideration, an indium which is soft and ductile was 
selected to calibrate the flat punch. 
Before use, the flat punch was first cleaned using acetone to remove any residues such 
as dust or external impurities. The co-planarity of the flat punch was checked by indents 
penetrated into the polished indium surface. After indentation, a uniform and circular indent 
onto the indium surface was regarded to be acceptable. The relative positions of the 
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integrated optical microscope and the indenter were also calibrated through the indent on 
the indium. This guarantees the indenter tip is indenting on the same position where has 
been chosen with the optical microscope. 
4.2 Flat Punch Methodology 
4.2.1 Procedure 
In the current lab environment, the effective accuracies of force and displacement are 
100nN and 1nm respectively. These values are obtained by doing indentation in the air. The 
compression of single micron-sized particles is schematically shown in  Figure 4.3. The 
standard load-control or displacement-control modes have been used in which the applied 
load or displacement follows a predefined load (displacement) as a function of time. A 
three-step load (displacement) function which consists of linearly loading to the peak load 
(displacement), holding at the peak load (displacement) and linearly unloading is usually 
applied during the test, as shown in Figure 4.4. During the compression, the contact load 
and displacement are monitored in real time and then the load-displacement relationship is 
obtained. 
 
 
Figure 4.3 The schematic compression of the flat punch on a single particle. 
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Figure 4.4 The predefined load/displacement function. 
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Several steps in the experiment can be identified: the sample preparation (See section 
 3.2), the flat punch calibration (See section  4.1.2), the compliance checking and the particle 
compression.  
Before the compression on the particles, a standard indent (10000μN peak load, 
2000μN/s linearly loading/unloading rate and 2s holding at the peak load) has to be 
performed on the silicon chip to check the compliance between the steel disc and the silicon 
substrate. The typical load-displacement curves on the silicon chip with and without sample 
compliance are shown in  Figure 4.5. Silicon is a brittle material with very little or without 
plastic deformation when exposed to a stress smaller than fracture strength. Therefore the 
load-displacement behavior of silicon is similar to that of a fully elastic material below the 
fracture strength, as the curve plotted by the solid square points in  Figure 4.5. However, 
when a hysteresis effect is observed, or the deformation is larger than normal, as observed 
on the curve with unfilled round points, this is caused by an unwanted compliance between 
the silicon substrate and the steel disc. If there is a large compliance, the sample has to be 
prepared over again.  
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Figure 4.5 Representative load-displacement curves on the silicon chip. 
 
Once all the preparation is finished, the compression on the particles can be carried out, 
through the following procedure:  
1. Identify a single particle on the silicon chip using the integrated optical microscope 
of Triboindenter and record coordinates and image of the target particle;  
2. Perform the mechanical testing following the predefined load (or displacement) 
function; 
3. Record image of the compressed particle; 
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4. Repeat the procedures on an “untouched” single particle to check the repeatability 
of the results.  
In general, at least four individual particles should be tested to examine the mechanical 
properties. A lot of experience shows that the particles from same manufacturing batch 
have a very consistent mechanical behavior. This indicates a very homogeneous material 
with narrow size distribution and uniform microstructure, as well as highly reproducible 
experiment setup. 
4.2.2 SEM Observation 
After the nanomechanical testing, the sample is moved to a field emission scanning electron 
microscope (SEM) (Ultra 55LE FESEM, Zeiss, DE) to investigate the particle morphology. 
According to the reference coordinate recorded in the mechanical testing procedure, it is 
easy to find the tested particle in SEM. To minimize the effect of the electron beam, such as 
heating due to the insulating properties of the polymer particles, a very low accelerating 
voltage and beam current is used. Otherwise, the particle will “melt” under the influence of 
the electron beam. This means that a small working distance has to be used, and the 
resolution is somewhat limited. 
4.3 Deformation of a Single Particle 
The nanoindentation-based flat punch method has been used to measure the single micron-
sized particles. The contact load-displacement curves of particles under compression which 
are obtained, reflects the macroscopic response of particles. The load-displacement curves 
for the two groups of polymer particles acrylic and polystyrene-divinylbenzene, contains a 
large amount of particle information. The corresponding stress-strain relationship is 
calculated to reveal the intrinsic properties of particles. 
The typical load-displacement relationship and the contact loading/displacement versus 
testing time for a polymer particle are shown in  Figure 4.6. This specific graph shows an 
AC particle with the diameter 3.0μm during compression using the standard load function. 
The deformation degree is defined as the ratio of the deformed particle height to the 
undeformed diameter. The particle stiffness is determined by the slope of the load versus 
displacement curve. According to the particle behavior, the loading behavior of particle is 
divided into three stages. In stage I, the displacement is approximately proportional to the 
applied load. The particle deforms very fast at the beginning of compression which can 
been observed from the large change in deformation from measurement point to 
measurement point even with a sampling frequency of 1kHz as shown in the curve in 
 Figure 4.6 (a). The curve in  Figure 4.6 (b) further confirms that the particle deforms about 
40% at the first second of the compression. Thereafter the particle deforms with a relatively 
large rate in stage II until the displacement burst occurs, caused by a sudden fragmentation 
of the particle. The stiffness increases significantly during this stage. In the stage III while 
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the load is fixed, the particle deformation increased within few milliseconds from about 
63% to around 80%. This is more easily observed on the load/displacement versus time 
curve. As the instrument is operating in the load-control mode, the sudden fracture of the 
particle means that there will be an abrupt displacement of the indenter, until the polymer 
fragments is able to support the imposed load. After the fracture of the particle, we find that 
there is very little further deformation and there is hardly any recovery after unloading. This 
indicates that the fracture produces a number of smaller fragments which can also be 
observed in the SEM after the compression. This seems to be the typical fracture pattern for 
the highly crosslinked acrylic particles studied in this thesis. 
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(b) 
Figure 4.6 Mechanical testing results of (a) load-displacement relationship and (b) the contact 
load and displacement versus time. 
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(a) 
 
(b) 
Figure 4.7 Representative load-displacement curves of (a) AC particle with a size of 3.0μm 
and (b) PS-DVB particle with a size of 5.1μm. 
 
The representative load-displacement curves for two groups of polymer particles, highly 
crosslinked acrylic and polystyrene with a very low crosslink density, are shown in  Figure 
4.7 (a) and (b), respectively. In Figure 4.7 (a), three single fresh AC particles are 
compressed under the same conditions as the particles in  Figure 4.6. The AC particle is 
compressed to the same peak load and with same linearly loading/unloading rate 2000μN/s. 
The contact load-displacement curves show that the loading segments are remarkably 
consistent, even including the point of fraction, which occurs at around 63% deformation. 
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The fracture pattern is similar as the one in  Figure 4.6 (a). In Figure 4.7 (b), the loading 
curves of the PS-DVB particle are also repeatable, but no pop-in is observed. That is to say, 
there is no direct evidence on the load-displacement curve that the particle is crushed 
during compression. This specific particle size reaches a maximum deformation at 
approximately 76.5% at the peak load of 10000μN. Despite the lack of fragmentation, also 
these particles do barely recover during unloading. However, the SEM photograph of the 
compressed particle displays that a couple of surface cracks appears on the particle, which 
are initiated at the equator plan and propagated in meridian direction if considering that the 
compression is loaded at two poles. Those cracks continuously grow with the deformation, 
thus there is no displacement burst occurred on the load-displacement behavior. 
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Chapter 5  
SUMMARY OF PUBLISHED RESEARCH RESULTS 
 
 
 
 
The five published journal articles prepared in this study are shortly summarized and the 
papers presented in the international conferences are listed in this chapter. The relevant 
journal articles are attached in the thesis. 
5.1 Summary of Journal Articles 
Mechanical properties of nanostructured polymer particles for Anisotropic 
Conductive Adhesives 
He J Y, Zhang Z L, Kristiansen H. 
International Journal of Materials Research 2007; 98(5): 389- 392. 
This paper reported the preliminary results of a study on two kinds of micron-sized AC 
particles. For the first time, the nanoindentation-based flat punch method with the sample 
dispersion procedure has been demonstrated to characterize the mechanical behaviors of 
single particles under large deformation up to about 60%. The results showed that the 
particles behavior, including even the point of fracture, were really consistent. The nominal 
stress-strain behaviors of particles were determined and the compression modulus of 
particles was calculated. The effect of the loading rate and the nominal strain rate on the 
particle behavior was investigated. The recommendation for the further investigation was 
proposed. 
Size effect on mechanical properties of micron-sized PS-DVB polymer particles 
He J Y, Zhang Z L, Midttun M, Fonnum G, Modahl G I, Kristiansen H, Redford K. 
Polymer 2008; 49(18): 3993-3999. 
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Five groups of PS-DVB particles with identical chemical compositions but different 
diameters were tested using the nanoindentation-based flat punch method. All particles 
were made of 98% polystyrene crosslinked by 2% divinylbenzene. The diameter of the PS-
DVB particles varied from 2.6μm to 25.1μm. Constant deformation rate was applied to the 
particles with two maximum strain levels of 5% and 10%. Results showed that the particle 
compressive stress-strain behavior was strongly size-dependent which stated that the 
smaller the particle size was, the stiffer the particle behaved. Analyses indicated that the 
pre-load and the adhesion during compression played a minor role on the size effect. The 
presence of a core-shell structure could possibly be a main contribution to the size effect. 
Finite element analyses were carried out to demonstrate this surface shell effect. 
Fracture of micrometre-sized Ni/Au coated polymer particles 
He J Y, Helland T, Zhang Z L, Kristiansen H. 
Journal of Physics D: Applied Physics 2009; 42(8): 085405 (5pp). 
Deformation and fracture of individual micron-sized Ni/Au coated polymer particles were 
studied using the nanoindentation-based flat punch method. A wide range of test conditions 
was applied to characterize both coated and uncoated particles. After indentation, the 
compression induced cracking of the Ni/Au coating and delamination of the metal coating 
from the polymer core were investigated by SEM. A three-stage deformation process of the 
metal coated polymer particle was identified comparing the deformation behaviour of it 
with that of uncoated particle. The effect of nanoscale metal coating on the deformation 
capacity and fracture property of the particles was clarified. It revealed that the metal 
coating played a significant strengthening role within the initial deformation. 
Nanomechanical characterization of single micron-sized polymer particles 
He J Y, Zhang Z L, Kristiansen H. 
Journal of Applied Polymer Science 2009; 113(3): 1398-1405. 
Uncoated AC and PS-DVB particles were compressed using the nanoindentation-based flat 
punch method. The load-displacement behavior, the stress-strain relationship, and the 
compression modulus of two groups of particles were compared. It was demonstrated that 
the compression results could be used to distinguish the mechanical properties of different 
polymer particles. The evident fracture of polymer particles can be observed directly in the 
force – displacement curves. The results showed that the highly crosslinked AC particles 
had brittle fracture behavior while the very low crosslinked polystyrene particles showed a 
very strong yielding behavior. This was also observed as a number of growing surface 
cracks on the particles. The smaller particles of both types of polymers displayed more 
distinct viscosity than the larger particles. 
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Compression properties of individual micron-sized acrylic particles 
He J Y, Zhang Z L, Kristiansen H. 
Materials Letters 2009; 63(20): 1696-1698. 
The effect of loading rate on the compression behaviors of single acrylic particles was 
investigated using a nanoindentation-based flat punch method. The sensitivity of 
mechanical properties, such as compression modulus, K-value, breaking force and breaking 
displacement, to the loading rate was examined. The results showed that the loading rate 
had a significant effect on K-value and breaking force whereas breaking displacement was 
independent of loading rate. The results indicated that the particle fracture is controlled by 
the deformation level. 
 
5.2 List of Conference Papers 
Nanoindentation-based flat punch characterization of single monodisperse acrylic 
particles 
He J Y, Zhang Z L, Kristiansen H. 
Proceedings of 17th International Conference on Composites/Nano Engineering, CD copy, 
Kunming, China, 2007 
Nanomechanics of micron sized polymer particles 
He J Y, Zhang Z L, Kristiansen H. 
Proceedings of 21st Nordic Seminar on Computational Mechanics, p253-256, Trondheim, 
Norway, 2008 
Physical properties of metal coated polymer particles for Anisotropic Conductive 
Adhesive 
He J Y, Zhang Z L, Helland T, Kristiansen H. 
Proceedings of NSTI Nanotech 2009, p262-265, Houston, Texas, USA, 2009 
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Chapter 6  
CONCLUSIONS AND RECOMMENDATIONS 
 
 
 
 
The research presented in this thesis has advanced the fundamental understanding of the 
mechanical properties of micron-sized polymer particles. The conclusions from the work 
and a number of avenues for future work are summarized in this chapter. 
6.1 Conclusions 
Studies on the micron-sized polymer particles or metal coated polymer particles usually 
focus on the syntheses process. The aim of this thesis is to investigate the mechanical 
properties of monodisperse micron-sized particles and provide the essential knowledge for 
the industrial use of polymer particles where the mechanical properties are critical for the 
application. The conclusions from the work presented in this thesis are grouped into three 
parts: the general remarks of the flat punch methodology, the mechanical properties of 
single micron-sized polymer particles and those of single metal coated polymer particles. 
6.1.1 Flat Punch Methodology 
A particle dispersion process has been developed to spread particle clusters. The 96% 
industrial ethanol and the silicon chip have been used as the dispersion medium and the 
sample substrate, which minimize the effect of the liquid surface tension and provides a 
mechanically stable substrate for the measurements. A sample preparation procedure has 
been determined to obtain single particles on the silicon substrate. 
A novel methodology for the mechanical testing of single micron-sized particles, so-
called nanoindentation-based flat punch method, has been developed in this work. Instead 
of a commonly used sharp tip for nanohardness measurement, a diamond punch with a flat-
end has been prepared to compress individual particles. The contact between the diamond 
punch and the micron-sized particles can be considered as the inverse indentation. Results 
have shown that the particles from the same manufacturing batch behave remarkably 
consistent mechanical properties (as shown in  Figure 4.7). This demonstrates a very 
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homogeneous material including narrow size distribution, uniform microstructure and 
identical chemistry of those particles, as well as a highly reproducible experiment setup 
including sample preparation and flat punch compression. The method could be used to test 
different kinds of micron-sized particles. 
A systematic study of mechanical properties of both micron-sized polymer particles and 
metal coated polymer particles has been made. A number of significant findings have been 
discovered from the experiment. The relevant knowledge has been transferred to our 
industrial partners to modify and improve the design and manufacturing of the particles. 
6.1.2 Mechanical Properties of Single Polymer Particles 
Deformation behaviors 
By using the developed nanoindentation-based flat punch method in this work, the 
mechanical properties of highly crosslinked AC particles and slightly crosslinked PS-DVB 
particles have been investigated.  
 The typical load-displacement behaviors of single AC particles and single PS-DVB 
particles undergoing deformation have been established. The contact stress-strain 
relationship of particles (as shown in  Figure 6.1) has been determined from the load-
displacement results.  
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Figure 6.1 Stress-strain behaviors of highly crosslinked AC particles and slightly crosslinked 
PS-DVB particles. 
 For the slightly crosslinked PS particles, a particle deformation up to 80% has been 
observed, without disintegration of the particle. The failure of the strongly cross-
linked AC particles can be directly observed in load-displacement curve, shown as a 
displacement burst at a certain load level. 
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 The deformation behavior of two types of polymer particles has been classified that 
the AC particles with high crosslink density show brittle fracture behavior while the 
slightly crosslinked PS-DVB particles comply with yield behavior of amorphous 
particles.  
Loading rate effect 
 The mechanical properties of single AC particles have been found to be dependent on 
the loading rate. The larger loading rate induces the stronger particle behavior, as 
shown in  Figure 6.2. 
 The compression modulus K-value and the breaking force of AC particles are very 
sensitive to the variation in loading rate. Both are increased with loading rate due to 
less time for stress relaxation. 
 The displacement at fracture for the AC particles appears to be independent of loading 
rate in the tested range, which indicates that the fracture of AC particles is a 
deformation controlled event. The exact reason for this behavior is unclear. 
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Figure 6.2 The load-displacement behaviors of 3.0μm AC particles under different 
loading rate. 
 
Particle size effect 
 Five groups of PS-DVB particles with same chemical compositions (98% styrene 
crosslinked with 2% divinylbenzene) have been studied. The particle diameters were 
2.6, 5.1, 15.3, and 20 to 25.1μm respectively. For these particles, a strong particle size 
effect on the stress-strain behavior has been discovered: the smaller the size is, the 
harder the particle behaves, as shown in  Figure 6.3. 
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 The potential influencing factors on the mechanisms of the particle size effect are 
analyzed. The accumulative pre-strain induced by the presence of pre-load and the 
adhesion between the soft particles and the silicon substrate or the rigid flat punch 
seems to be of secondary nature.  
 The surface shell, in which there is a different crosslink distribution resulting in 
distinct material properties from the particle core, can possibly be used to explain the 
size effect. FEM solution has verified the influence of “core-shell” structure. Further 
experimental work and investigation by molecular dynamics simulation is necessary 
to verify the mechanisms of the particle size effect. 
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Figure 6.3 The compression stress-strain behaviors of PS particles with same chemistry but 
different particle size. 
 
Crosslink density effect 
 Another series of PS-DVB particles with same size 15μm but different crosslink 
density varied from 2% to 55% has been characterized using the nanoindentation-
based flat punch method. The obtained stress-strain behaviors of particles are shown 
in  Figure 6.4. The crosslink effect on the mechanical properties of particles has been 
revealed. Increasing the crosslink density induces a shift in the particle deformation 
behavior from yield behavior to brittle fracture. 
 Increasing crosslink density, the compression modulus of the particle increases. The 
dominating mechanism is that the crosslinking restrict the possibility of the polymer 
chain to rearrange and hence redistribute the internal stress. 
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Figure 6.4 The compression stress-strain behaviors of PS particles with same size 15.0μm in 
diameter but different crosslink density. 
 
6.1.3 Mechanical Properties of Metal Coated Polymer Particles 
Nanoscale metal coating effect 
 As shown in  Figure 6.5, through comparing the mechanical responses of Ni/Au coated 
acrylic particle with identical but uncoated particles, it has been found that the 
nanoscale metal coating plays an interesting strengthening effect on the particle 
behavior. 
 Both cracking of the metal coating and the delamination of the coating from the 
polymer core have been observed during mechanical testing and subsequent 
investigation by SEM. By increasing the mechanical loads, the cracking and 
delamination are aggravated.  
 The fracture of the polymer core partly happens due to the failure of the metal coating. 
Two possible explanations for that have been discussed. One is that the Ni/Au coating 
fragments might induce defects to the polymer core during the cracking of the coating. 
The other is that the polymer core could be affected by the strong acids used to 
activate the polymer surface to introduce nucleation sites during the plating process. 
Further investigation is required to clarify this mechanism. 
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Figure 6.5 The comparison of mechanical behaviors of metal coated and uncoated polymer 
particles and the corresponding SEM images. 
 
Deformation process 
Based on the results of mechanical testing and SEM observation on coated and uncoated 
particles, a three-stage deformation process of Ni/Au coated acrylic particle has been 
identified.  
 Initially the Ni/Au coating strongly strengthens the particles. The metal coated 
particle is much stronger than the uncoated one.  
 Secondly, the effect of Ni/Au coating is significantly reduced when the cracking of 
the Ni/Au coating and the delamination between the Ni/Au coating and the polymer 
core occur. During this stage, the strengthening effect of the metal layer is reduced as 
the cracking and delamination of the metal continues.  
 In the third and last phase with a relatively large deformation, the effect of Ni/Au 
coating vanishes completely and the coated particle shows nearly identical behavior 
with the uncoated ones. 
Loading rate effect 
 By compressing the Ni/Au coated acrylic particle using different loading rate, it has 
been found that the compression stress-strain relationship is strongly rate-dependent. 
As shown in  Figure 6.6, increasing the deformation rate increases the apparent 
compression stress of the particle. 
0.0 0.1 0.2 0.3 0.4 0.5 0.6
0
2000
4000
6000
8000
10000
Displacement burst
 Metalized
 Uncoated
Fo
rc
e,
 N
Deformation
 
 6.2 Recommendations for Further Work 
45 
 Also the failure mode of the metal coating seems to change with changing 
deformation rate. A consistent behavior was observed after SEM investigation of the 
particles. The cracking of the metal coating propagates in the circumferential direction 
at small loading rate but in the meridian direction under higher loading rates. 
 The corresponding mechanisms have been discussed and are possibly contributed by 
the intrinsic difference between the deformation resistance of metal and polymer 
under compression. 
 
 
Figure 6.6 The compression stress-strain curves of Ni/Au coated AC particles at three loading 
rates and the corresponding SEM images of particles. 
 
6.2 Recommendations for Further Work 
The research carried out in this thesis has given rise to a number of key topics for future 
work on the mechanics of micron-sized polymer particles. 
 A better understanding of the chemistry and the material structure of the polymer is 
important to further the understanding of the mechanical behavior of the particles. 
This includes properties like the effective microscopic crosslink distribution inside 
particles, the Poisson’s ratio as a function of strain and strain rate, and so on. This 
could be achieved by using advanced characterization methods. 
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 The temperature effect on the mechanical properties of tested particles is of large 
interest since the polymer behavior is temperature dependent. The manufacturing of 
the ACA assembly is actually a combined thermal and mechanical process. Therefore 
the particle properties under high temperature (up to 180°C) conditions are important 
to characterize. The Hysitron instrument has an optional heated substrate holder that 
has been used, however, the indenter will still be at or close to the room temperature 
which means that there is a large and unknown temperature gradient across the 
particle, and hence the results are difficult to utilize. To be able to perform high 
temperature characterization we will need a system for active or passive heating of the 
indenter, without affecting the transducer. 
 It would also be of significant interest to measure the electrical resistance across the 
metallized particle during mechanical compression. Due to the low expected contact 
resistance, the test setup will require 4 wire measurement techniques (Kelvin type) 
and both punch and substrate made of high conductivity materials. 
 The interfacial properties between the metal coating and the polymer core are another 
critical parameter. Due to the complexity and difficulty of investigation on the 
spherical geometry, the metal thin film – polymer flat substrate system could be 
considered as reference and tested using for instance scratch testing. Alternatively, a 
cross section of the particle including the polymer – metal interface can be made 
using a cryogenic microtome technique.  
 Testing of metal coated polymer particles with different polymer chemistry and varied 
coating thickness could be undertaken to find the conductive particles with optimized 
properties for ACA application. Analytical and computational modeling could be 
carried out to investigate the physical basis for this work. 
 Analysis using molecular dynamic simulation is highly valuable to undertake, which 
represents an interface between experiments and theories. The deformation 
mechanism, the viscoelasticity of the polymer particle, the interfacial properties 
between the metal coating and the polymer core, etc., could be identified in molecular 
level. This will link the mechanical properties to the molecular structure of particles. 
It could assist the understanding of the particle behavior from molecular structure and 
thus facilitate the design and manufacturing of particles. 
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ABSTRACT 
A nanoindentation-based flat punch method has been developed to determine the stress-
strain behaviour of single micron-sized Ugelstad polystyrene-co-divinylbenzene (PS-DVB) 
particles in compression. Five groups of particles with identical chemical compositions but 
different diameters have been tested. The diameter of the PS-DVB particles varied from 
2.6μm to 25.1μm. Constant relative deformation rate has been applied with two maximum 
strain levels of 5% and 10%. Results show that the particle compressive stress-strain 
behaviour is strongly size-dependent. The smaller the particle size is, the stiffer the particle 
behaves. Analyses indicate that the pre-load and adhesion during the flat punch test play a 
minor role on the size effect. The presence of a core-shell structure can possibly be a main 
contribution to the size effect. Finite element analyses have been carried out to demonstrate 
this surface shell effect. 
 
Keywords: PS-DVB particles; Flat punch indentation; Size effect. 
 
1. Introduction 
Nanoindentation is now a well established tool for probing the mechanical properties, for 
example, Young’s modulus and hardness, at the micro- and nano-scales [1]. During the 
indentation, the indentation load and displacement are simultaneously monitored and load-
displacement curves are recorded. The material hardness and reduced modulus can be 
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calculated from the contact area determined by the contact depth using an area function of 
the indentation tip and the contact stiffness obtained by fitting the initial portion of the 
unloading curve.  
One interesting phenomenon, namely indentation size effect (ISE) was revealed more 
than 50 years ago  [2] but so far the mechanisms involved are not fully understood. The 
hardness defined as the ratio of the applied force to the contact area, is commonly assumed 
to be independent of the measurement scale. But the hardness measured by nanoindentation 
for certain metals has been shown to increase with decreasing depth of indentation size 
within a range typically less than 10μm  [3]. In fact, every metal has an intrinsic material 
length scale, and for indentation depth less than this, the ISE occurs.  
The strain gradient effect [4-6], surface effect [7], non-uniformly deformed 
microstructure  [3], interaction between the indenter and the sample [8] are the possible 
mechanisms for the ISE. The various mechanisms imply a complicated nature of the ISE. 
During the last decade, the theory of strain gradient plasticity (SGP) developed by Nix and 
Gao  [4] has received attention. In a nanoindentation test, plastic deformation is confined 
within a small volume, which results in a strain gradient. According to Taylor’s dislocation 
hardening theory, the stored dislocations, which are caused by a homogeneous strain, and 
the so-called geometrically necessary dislocations, which are significantly affected by the 
strain gradient, both contribute to the hardness  [9].  
Most of the studies on the ISE focused on single crystals and polycrystals. This study 
will report a new area of the indentation related size effect, related to mechanical 
deformation of monodisperse polymer particles with low cross linking density. The 
particles are synthesized by the Ugelstad method [10], which is a well known and versatile 
technology for the manufacturing of monosized polymer particles by a multi-step swelling 
process. A large number of monomers can be used, and in this case a combination of 
styrene and DVB has been used giving a cross linking density of about 2%. The coefficient 
of variance (C.V.) of the size distribution is less than 2%, in which C.V. is the scatter of 
probability distribution and is defined by the ratio of the standard deviation to the mean.  
Micron-sized polymer particles, of 0.5-100μm in diameter, are widely used in food, 
chemical industries and biotechnology. Recently there is a growing interest in extending the 
polymer particle technology also for microsystem applications by producing nanostructured 
polymer particles, especially in Anisotropic Conductive Adhesive (ACA) [11-15]. As a 
substitute for compact metal particles, the polymer core particles increase the compliance of 
the interconnection and hence improve the reliability. The introduction of ACA technology 
can also contribute with reduced package size, lower assembly temperature, and possibly 
lower cost. For lager particles used for Ball Grid Arrays (BGA) and Chip Scale Packaging 
(CSP) there is also a significant advantage in terms of reduced environmental impact [16-
19]. The functional performance in these applications is strongly connected to the contact 
area, which is coupled to the deformation level. Therefore, the mechanical properties of 
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polymer particles are of crucial importance. However, mechanical characterization of single 
micron-sized particles possesses great challenges, due to the inherent complexity of the 
spherical geometry and the large deformation involved. 
Polymer particles have been used to reinforce the bulk properties of composite materials. 
The effect of particle size on the bulk mechanical properties of concrete [20], high-impact 
polystyrene [21-23], polymer blends [24, 25] and polymer latex  [26] has been studied 
extensively. Recently, the mechanical properties of bulk polymer materials reinforced with 
polystyrene and poly (butyl acrylate) core/shell particles with sizes in tens of nanometers 
have been reported [27]. The mechanical behaviour of the bulk polymer was found to be 
strongly influenced by the particle size and the distribution of the composing polymers.  
In the present study, the effect of the particle size on the mechanical properties of single 
particles has been studied. Five groups of commercially available polystyrene-co-
divinylbenzene (PS-DVB) particles (Dynospheres®, Invitrogen Dynal AS, NO) with 
identical chemical compositions but different diameters have been tested using a 
nanoindentation-based flat punch method. The particles have the same synthesis procedures 
and chemical compositions but different diameters. The diameter varied from 2.6 to 25.1μm. 
The nominal compressive stress-strain behaviours of particles are obtained from 
nanoindentation-based flat punch test results. The effect of the particle diameter on the 
compressive stress-strain behaviour is analyzed experimentally and the nature of the 
particle size effect is discussed. 
 
2. Experiment  
2.1 Materials 
The five groups of polymer particles are made of the same chemical compositions: 98% 
polystyrene crosslinked with 2% divinylbenzene by Ugelstad method. The diameters of the 
particles are 2.6, 5.1, 15.3, 20 and 25.1μm. The C.V.s of the size distribution are 1.7, 0.8, 
1.2, 1.6 and 1.0%, respectively. The SEM photographs of the smallest and largest particles 
are shown in Fig. 1. The dry particles are dispersed in 95% industrial ethanol. The very 
diluted dispersion is exposed to a high frequency ultrasonic vibration to redisperse the 
particle clusters. A drop of the ethanol–particle suspension is placed on a bare silicon chip 
(10×10×0.5mm). The specimens are then conditioned in a clean environment for a specific 
period of time to remove any ethanol left in the particle.  
2.2 Apparatus 
The indentation tests are performed using a nanomechanical testing system (TriboIndenter® 
Hysitron Inc., MN., USA) which has a standard mode and a multi-range mode. The 
standard mode can reach a maximum load capacity of 10mN and a maximum indentation 
depth of 5μm with a load and displacement resolution of 1nN and 0.1nm, respectively. The 
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multi-range mode has a maximum load of 4N and a maximum indentation depth of 80μm 
with a load and displacement resolution of 500nN and 2nm. For the polymer particles in 
this study, a diamond flat punch with 100μm in diameter was used.  
The flat punch is cleaned to remove external impurities such as dust before testing. The 
flat punch in this experiment requires precise calibration, especially flat punch planarity. 
The planarity calibration is evaluated by the indents produced by penetration into a polished 
indium surface. A clean, 100μm diameter circle impressions well pressed on the surface of 
the polished indium are required for a flat punch to be acceptable. The relatively tip-optics 
position is also accurately calibrated through the indents on the polished indium.   
 
     
(a)                                                               (b) 
Fig. 1. SEM photographs of (a) the smallest particle and (b) the largest particle. 
 
2.3 Method 
Using the optical microscope, single particles with a sufficient distance (>75μm) to its 
closest neighbour is located and used for the indentation tests.  Fig. 2 illustrates the contact 
between a rigid flat punch and a single PS-DVB particle. All indentation tests are 
performed in air and at room temperature (23°C). The room humidity is kept constant about 
30% through an air ventilation system. The displacement controlled mode which operates 
the indentation depth versus time is selected in order to control the nominal strain rate for 
each group of particles. Two deformation levels, 5% and 10% with corresponding nominal 
strain rates of 0.01/s and 0.02/s with reference to particle diameter, have been applied to all 
the particles. A typical test is completed in 12 s where the testing displacement function 
consists of a linear displacement-increasing segment for 5 s, a 2 s displacement-holding 
segment, and linear displacement-decreasing segment for 5 s. The heat drift of 
displacement is monitored for 40 s at pre-load 1μN, and the drift rate calculated by fitting a 
straight line to the drift displacement versus time graph during the latter 20 s is used to 
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correct the resulting data. For every group of particles, at least three individual particles are 
tested in order to check uniformity of particle properties and the repeatability of the results. 
Both the standard mode and the multi-range mode are applied. The standard mode is 
used for testing all the particles up to 5% deformation. For the 10% deformation, multi-
range loading mode must be used on the two largest groups of particles. Since two loading 
modes are involved, it is essential to calibrate the system such that both the standard mode 
and the multi-range mode yield identical results. The typical indentation force-depth results 
from the two loading modes with a deformation up to 20% for the 15.3μm diameter 
particles are shown in Fig. 3. The results are well matched; however, the curve obtained by 
the multi-range mode is less smooth due to its inferior feedback system compared with the 
standard mode. Fig. 3 indicates that it is reasonable to believe the both loading modes give 
the same results.  
     
(a)                                                                    (b) 
Fig. 2. Schematic plot of the flat punch test (a) and model description (b). 
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Fig. 3. The loading curves of the 15.3μm diameter particles with different load modes. 
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3. Results 
Load-displacement curves are obtained for all PS-DVB particles at two deformation levels, 
5% and 10% deformation shown in Fig. 4(a) and (b), respectively. In Fig. 4(a), every group 
of particles is compressed to a maximum of 5% deformation and represented by four 
indentation curves. In Fig. 4(b), each group has three indentation curves and is loaded to a 
maximum of 10% deformation. The loading segments of each group of particles at the same 
deformation level are found to be quite repeatable and consistent. This is in contrast to 
typical bulk polymer materials where mechanical properties show a significant scatter due 
to variations in microstructure, anisotropy, molecular weight, crosslink density, etc. [28]. 
Thus, the highly consistent load-displacement curves demonstrated for every group of the 
PS-DVB particles indicate a very homogeneous material including size distribution, 
microstructure, chemistry and molecular weight. At the same time it also gives confidence 
to the experimental setup and reproducibility. To reach 10% deformation the two bigger 
particles have to be tested using the multi-range mode, and the curves are slightly bumpy, 
but the trends are very similar to those using the standard mode.  
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 (a)                                                                  (b) 
Fig. 4. Indentation load-displacement curves of five group particles (a) at 5% deformation with 
0.01/s strain rate and (b) at 10% deformation with 0.02/s strain rate. 
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During the large deformation compression, the volume and Poisson’s ratio of the 
polymer particles may change continuously with the deformation because of the spherical 
geometry. It is not possible to obtain the true stress-strain behaviour of particles from those 
conditions. To compare the mechanical properties of particles with different sizes, the 
nominal compressive stress-strain behaviours have been used. These are obtained by 
normalizing the force to the initial cross-section area and the displacement to the initial 
diameter of particles [29]: 
2c πR
Pσ                                                                         (1) 
RD
  2c                                                                       (2) 
where c  is the nominal compressive stress, cε  is the nominal compressive strain, P is the 
contact load, D is particle diameter, R is the initial particle radius, and ω is the half 
deformation of the sphere (Fig. 2(b)). The nominal compressive stress-strain curves of the 
five groups of particles at two deformation levels are displayed in Fig. 5(a) and (b), 
respectively. The focus of this study is the loading part and the unloading stress-strain 
curves are omitted in Fig. 5. 
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(a)                                                                    (b) 
Fig. 5. Compressive stress-strain curves (a) at 5% deformation with 0.01/s strain rate and (b) at 10% 
deformation with 0.02/s strain rate. 
 
From the continuum mechanics point of view, stress-strain behaviour is one of the 
constitutive properties of materials. For particles with different sizes but same chemistry 
and same strain rate, all the stress-strain curves should collapse into one. But Fig. 5 clearly 
shows that the compressive stress-strain behaviours of particles are strongly size-dependent, 
the smaller the particle size, the harder the particles. The smallest particle is the hardest 
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while the biggest particle is the softest. With the increase of particle size, the size 
dependence of compressive stress-strain behaviour diminishes gradually.  
The nominal compressive stress of all the five groups of particles at 4% deformation 
level with strain rates 0.01/s and 0.02/s is plotted in Fig. 6, in which the compressive stress 
is normalized by the corresponding value of the smallest particle. Particles display distinct 
size effect at both stain rates. The compressive stress of the biggest particle is almost 50% 
lower than that of the smallest particle at a strain rate of 0.01/s. As the strain rate increases 
to 0.02/s, the size effect becomes even more pronounced. The size effect also seems to have 
different trends depending on the strain rate. With the smaller strain rate, the size effect is 
most evident for the two smaller particle sizes, whereas for the larger strain rate the size 
effect is more evenly distributed.  
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Fig. 6. Particle size dependence of the normalized stress with strain rate 0.01/s and 0.02/s at 
deformation level 4%. 
 
4. Discussion 
The existing theories for indentation size effect are mainly based on dislocation movement 
and can not predict the behaviour observed for the polymer particles. The deformation 
mechanisms in polymers are very different from metals due to the absence of dislocations. 
There are three types of solid polymer behaviours [30]: brittle fracture behaviour, yield 
behaviour and rubber-like behaviour. Brittle fracture behaviour is characterized by no 
apparent yield point and obeys Hooke’s law at low strain level. Yield behaviour exhibits a 
maximum point followed by strain softening, usually associated with crazing or shear 
banding which leads to ductile fracture. Rubber-like behaviour is characterized by a plateau 
in the stress-strain curve. Polystyrene as linear (non-crosslinked) polymer is known to 
exhibit brittle fracture causing crazing under tensile stress, however, the same material 
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shows yield behaviour displaying shear banding in compression. Crazing deformation is a 
localized yielding behaviour and can be observed as a whitening of the polymer in the 
region of maximum deformation. The volume of the polymer increases through formation 
of micro-cracks, which are bridged by polymer fibrils. Shear banding deformation which is 
highly dependent on temperature and strain rate is characterized by planes of slip at 45° to 
the direction of stress and involves the local orientation of the polymer. In contrast, PS-
DVB has the microstructure of the crosslinked network, which deforms by the slip of 
flexible chain. The crosslinking is important to avoid the inter-chain slip. The crosslink 
density should not only be in a certain range to keep away from the inter-chain slip but also 
have an enough space between two crosslink points to allow a good deformability. 
For the PS-DVB particles there are possibly many factors contributing to the size effect. 
The experimental method itself may bring some uncertainties to the results. For instance, 
the pre-load used for determining the zero contact surfaces on the nanoindentation sample 
is applied to the particles before indentation. Given that the particles do not fully recover 
after this pre-load, the indentation does therefore not begin from a perfect point contact but 
with a finite contact area, which will have significant influence at small deformations. 
Similarly, the adhesion between the soft polymer particle and the rigid flat punch or the 
substrate could pose a similar effect. During synthesis of PS-DVB particles from water 
suspension there has been observed a “core-shell” structure [31] on the particles by TEM. 
In the shell, the cross-link density is much higher than that in the inner particle. This 
surface shell effect might be prominent for smaller particles.  
In the following, potential factors both in the particle synthesis and in the experiments 
are analyzed in order to clarify the mechanisms of the observed size effect. 
4.1 The effect of pre-load 
One of these factors is caused by the factory settings of the Hysitron TriboIndenter. During 
the nanoindentation, the flat punch will first contact the particle using a certain pre-load and 
define the corresponding height as the indentation starting contact point. The instrument 
keeps a defined pre-load for a certain time, and uses the acquired information to determine 
the thermal drift of the system. Before starting the indentation, the machine retracts a 
certain distance. However, the particle might not fully recover after the pre-load cycle, 
meaning that the indentation starts from an already deformed particle. The induced stress 
D  during the pre-load is given by: 
2R
Pr
D                                                                                                  (3) 
Using the Hertz equation  [32], the corresponding strain D  can be calculated as: 
3/2
2
3/2 )()(
ER
P
E
r
D                                                                                            (4) 
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where rP  is the pre-load which was set to 1μN for all the particles and for both standard 
and multi-range modes. R is the initial particle radius as shown in Fig. 2(b). E is the 
reduced modulus defined as 1
2
2
2
1
2
1 ]11[
3
4 
EE
E   , in which, 1E , 1  and 2E , 2  are the 
elastic moduli and Poisson’s ratios of the two contacted objects, respectively. The diamond 
is a rigid body therefore the contribution of the diamond flat punch can be regarded as 
negligible. The silicon substrate used in the experiment has the following characteristics, 
GPaESi 150   [33] and 27.0Si  [34]. For the PS-DVB particle, the elastic modulus and 
Poisson’s ratio are both unknown, so the empirical values GPaEPS 5.1  and 33.0PS  
 [29] are used in the analysis. With an E-modulus two order of magnitudes higher than the 
polymer, also the contribution from the substrate can be regarded as negligible. Obviously 
the constant pre-load has the largest effect on the 2.6μm diameter particle. Using the values 
above, the strain, D , imposed onto the smallest particle during the pre-load is found to be 
4.14×10-3 which is maximum if there is no recovery. 
4.2 The adhesion effect 
The contact of an elastic sphere with an undeformed flat plane is of interest since the 
interaction between them is applicable in problems such as post-chemical mechanical 
polishing cleaning [35] and the thermal and electrical conductivities between contacting 
rough surfaces  [36] and more specifically in applications like ACA where metal-coated 
polymer particles are compressed between two contact pads. Two basic adhesion models 
have been suggested in the literature. One model developed by Johnson, Kandall and 
Roberts, known as JKR model [37] assumes that attractive intermolecular surface forces are 
confined to the area of the contact, is more suitable for large radius compliant solids. The 
other model by Derjaguin, Muller and Toporov, known as DMT model  [38] is based on 
calculating the attractive forces outside of the actual contact area, and is suitable for small 
high modulus spheres. The improved DMT adhesion model  [39] shown in Fig. 2(b) is 
employed to study the adhesion induced pre-strain. 
According to the Lennard-Jones interaction potential [40], the attractive pressure 
outside the contact region )(ZP  is equal to: 
])()[(
3
8)( 93
ZZ
ZP 
                                                                  (5) 
where   is the intermolecular distance about 0.3-0.5nm, Z is the local separation and   is 
the energy of adhesion given by 
1221                                                                                                 (6) 
1  and 2  are two unattached surface energies before contact and 12  is the interface 
energy during contact. The values of surface energy for various metals can be found in 
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literature [40], but it is difficult to get the exact interface energy for polymer and diamond 
or silicon.  
The adhesion force can be expressed as: 
  RFa 2                                                                                                               (7) 
Therefore the adhesion induced stress and pre-strain is calculated by: 
RR
Fa
a


 22                                                                   (8) 
3/23/2 )2()(
REEa 
                                                                            (9) 
From the above equations it can be seen that the adhesion induced stress and strain 
depend on the particle size. Due to lack of values for the energy of adhesion for the present 
materials, the solution of the energy of adhesion is taking the empirical energy of adhesion 
25mJ/m2 [41] as reference and arbitrary duple and quadruple values are also considered. 
The pre-strain is estimated using the following values for energy of adhesion: 25, 50 and 
100mN/m.  For the smallest particle, 2.6μm in diameter, the adhesion induced pre-strain 
will be 1.98×10-3, 3.14×10-3 and 5.00×10-3, respectively.  
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Fig. 7. The effect of estimated accumulative pre-stain 1% on the 25.1μm diameter particles. 
 
Therefore, the maximum accumulative pre-stain from pre-load and adhesion is about 
1% for the smallest particles. For the other four groups of particles, the accumulative pre-
strain should be much smaller than that of the smallest particle. To examine the pre-strain 
effect, 1% accumulated pre-stain is addressed on the 25.1μm particle. By neglecting the 
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pre-strain of the largest particles and taking their stress-strain curves as a reference curve, 
the effect of pre-strain can be illustrated by translating the reference curve by the amount of 
pre-strain in Fig. 7. The curve marked “no pre-strain” in the reference curve is from 
experiment and the curve with 1% pre-strain is obtained by directly translating the “no pre-
strain” curve to a new origin which is the corresponding point at 1% strain in the reference 
curve. It can be observed from Fig. 7 that the compressive stress-strain curve with 1% pre-
strain rises only slightly compared with the stress-strain behaviour without pre-strain. It can 
be concluded that the effect of pre-load and adhesion on the size effect of PS-DVB particle 
is of secondary nature. 
4.3 The surface effect 
During particle preparation, polystyrene is crosslinked with divinylbenzene by an activated 
swelling method [42]. The degree of crosslinking modifies the microstructure of the 
polymer and influences the polymer properties strongly. Increasing the crosslink density 
can result in more heterogeneous and porous polymer [43]. The structure of a slightly 
crosslinked polymer seems much more homogeneous and resists larger deformation than 
the structure of a strongly crosslinked one. Typical techniques employed to measure cross-
link degree are based on the measurement of equilibrium swelling by sedimentation in the 
analytical ultracentrifuge. The degree of swelling is used directly as a relative measure of 
the degree of crosslinking, but which do not provide spatially resolved information but 
rather bulk averages [44].  
The average crosslink density of the tested PS-DVB particles is assessed through the 
measurement of the swelling degree in toluene. All five particles have the same swelling 
degree. The local crosslink density in PS-DVB particles is a result of the local distribution 
of divinylbenzene. If the crosslink distribution is not uniform in shell and core, the presence 
of the surface shell comes to existence. The surface shell mentioned here is different from 
the metal coating on the particle surface. There will be no sharp interface between the shell 
and the core. This surface effect might result from different hydrophilicities of the 
monomers involved, or due to different kinetics of the chemical reaction due to the 
correlation of the diffusion and crosslink reaction rate, and induce the gradient of crosslink 
distribution within a particle size-dependent thickness. So this crosslink distribution does 
influence the mechanical properties to a certain extent but it is difficult to make quantitative 
assessment.  
Hereby the finite element analyses using ABAQUS [45] have been carried out to 
estimate the influence of the surface shell effect. The linear elastic material is assumed and 
axisymmetric elements are used to model particles. Axisymmetric analytic rigid surface is 
used to model the diamond flat punch. Only 5% deformation level is considered. The 
assigned Young’s modulus E and Poisson’s ratio   for the particles are 1.5GPa and 0.33, 
respectively. Different sets of shell thickness and Young’s modulus are applied to get the 
corresponding compressive stress-strain behaviour.  
Paper II  
83 
The finite element solutions of the compressive stress-strain behaviours for five groups 
of particles at maximum 5% deformation are obtained with three sets of thickness and 
Young’s modulus of the surface shell. The Young’s modulus of particle core is kept 
constant 1.5GPa. The normalized compressive stresses of five groups of particles at 4% 
deformation are presented in Fig. 8 from both experiment and the finite element results with 
0.01/s strain rate. When the surface shell has the same elastic properties as the polymer core, 
namely both surface shell and polymer core have identical Young’s modulus, the size effect 
disappeared and a horizontal line is obtained as in Fig. 8. This coincides with the viewpoint 
of continuum mechanics. Once the surface shell is assigned different property to the 
polymer core, the particles display an explicit size dependence. When the thickness and 
Young’s modulus of the surface shell are assigned to 100nm and 30GPa where this 
Young’s modulus value is totally unrealistic for polymer, the corresponding finite element 
solution agrees with the experiment results quite well. But this 30GPa Young’s modulus of 
the surface shell is obviously hypothetical. In the case of 300nm thickness and 5.5GPa 
Young’s modulus of the surface shell, the modelling result would do an equally good fit 
with the experimental results. It should be noted that there are no experimental data 
available to support or disapprove the shell properties used. Nevertheless, the finite element 
simulation demonstrates that the hypothesis that a surface shell can play a significant role 
on the particle size effect is tenable. 
Finally it should be mentioned that the liquid surface tension caused by absorption of 
water on the different surfaces has been neglected in this work. The assumption that particle 
is a perfect sphere after sample preparation has been made. 
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Fig. 8. Finite element solutions of the normalized compressive stress for the cases with three sets of 
thickness and Young’s modulus of the surface shell. 
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5. Conclusion 
By using a nanoindentation-based flat punch test method, the mechanical properties of five 
groups of PS-DVB particles have been studied. The particles are made of same chemical 
compositions but different sizes, 2.6, 5.1, 15.3, 20 and 25.1μm in diameter. The nominal 
compressive stress-strain curves are calculated from the indentation load-displacement 
results. The particle stress-strain behaviour up to 5% and 10% deformation is considered. 
The results demonstrate that nominal stress-strain behaviour of the PS-DVB particles have 
significant size dependence: the smaller the size, the harder the particles.  
The potential influencing factors on the mechanisms of the particle size effect are 
analyzed. The accumulative pre-strain induced by the presence of pre-load and the adhesion 
between the soft particles and the silicon substrate or the rigid flat punch seems to be of 
secondary nature in the size effect. The surface shell in which there is a different cross-link 
distribution resulting in distinct material properties from the particle core can possibly be 
used to explain the size effect. Further experimental investigation is necessary to verify the 
mechanisms of the particle size effect. 
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ABSTRACT 
Deformation and fracture of individual micron-sized Ni/Au coated polymer particles have 
been studied by a nanoindentation-based flat punch method. A wide range of test conditions 
has been applied to deform the coated particles and uncoated particles. The compression 
induced cracking of the Ni/Au coating and delamination between the metal coating and the 
polymer core have been investigated and provide insight into the effect of nanoscale metal 
coating on the deformation capacity and fracture process of the particles. A three-stage 
deformation and fracture behaviour of the particles has been identified. The results are 
essential for the design of metal coated polymer particles for industrial applications. 
 
Keywords: Ni/Au coated polymer particles; Nanoindentation; Flat punch; Deformation; 
Fracture. 
 
1. Introduction 
The Ugelstad method is a well-known and versatile technology for manufacturing highly 
monodisperse polymer particles [1]. The technology has been proven highly successful 
within chemical and biological industries [2]. In the past decade this technology has been 
exploited for the use within electronics and microsystems. By metallizing polymer particles 
they can be utilized as flexible electrical contacts in numerous potential applications [3]. 
Until now, the focus has been on the use of metal coated polymer particles for developing 
new electrical packaging technology, such as Anisotropic Conductive Adhesive (ACA). 
Usually the metal coated polymer particles used in ACA application have polymer core — 
double metal layer structure that consists of a polymer core for improving contact 
compliance, Ni inner layer for electrical conductivity and Au outer layer for protecting 
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inner layer from the oxidation and increasing the reliability of electrical performance. 
Therefore the ACA technology is of high interest because it is lead-free, reduces package 
size and achieves high-density interconnections. During the ACA bonding process, the 
electrical characteristics are strongly connected to the contact area between the chips and 
metal coated particles. A large contact area is required to enhance the electrical 
performance as well as the reliability of the interconnection. Therefore a large deformation 
is applied to metal coated particles to obtain a reliable and low resistance connection, which 
may result in the failure of metal coated particles. This can bring a significant impact on the 
electrical performance of the interconnect. For these reasons the detailed knowledge of 
mechanical properties of individual particles is essential for the design of electrical 
assemblies.  
However, only limited research has been conducted regarding mechanical properties of 
the micron-sized polymer particles because of the small volume and spherical geometry 
involved. The aggregate mechanical properties of a large number of particles (typically 
several hundreds) have been previously estimated through grouping particles between two 
polished silicon chips [4]. For individual particles, a nanoindentation-based flat punch 
method has been recently developed for measuring mechanical response of both metal 
coated particles and uncoated polymer particles [5-9]. The contact load-displacement 
relationship, large deformation and size effect of individual particles have been investigated. 
However, the study of deformation and fracture processes on metal coated polymer 
particles has not been reported to date. The goal of this work is to characterize the 
deformation behaviour and fracture track of metal coated polymer particles. 
 
2. Experimental setup 
The metal coated polymer particles used in this work were 3.8 µm in diameter consisting of 
a strongly crosslinked acrylic copolymer core coated with Ni and Au layers, as shown in 
Fig. 1 (a). The coefficient of variance (C.V.) of the particle size distribution is 1.7%, where 
C.V. is defined as the ratio of the standard deviation to the mean diameter. The polymer 
core is amorphous and has been synthesized by using the Ugelstad method with a multi-
step swelling process [1]. The Ni/Au coating was plated on the polymer particle surface 
with Ni inner layer of about 50 nm thickness and Au outer layer of about 25 nm. For 
comparison, uncoated particles with the same polymer chemistry and same size were also 
prepared and tested.  
The mechanical test was performed using a commercially available nanoindentation 
device (TriboIndenter® Hysitron Inc., MN., USA). The nanoindentation-based flat punch 
method was employed to characterize individual particles, schematically shown in Fig. 1 
(b). A diamond flat punch of 100 µm in diameter was specially designed to compress the 
particles instead of a common sharp tip used for nanohardness measurement [10-12]. The 
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planarity and the parallelism of the flat punch are significant to the test precision and have 
been carefully calibrated through the impression on the well polished indium surface. The 
standard load-control mode in which the applied force on specimens follows a predefined 
load function has been used. A three-step loading protocol has been set, which contains 
linear loading/unloading segments with 2000 μN/s loading rate. 
 
(a) 
 
(b) 
Fig. 1. Schematic plots of (a) the Ni/Au coated polymer particles with 3.8 µm in diameter and (b) 
the compression test with a diamond flat punch of 100 µm in diameter. 
 
A tiny amount of particles were dispersed onto a polished silicon chip of the size 
10×10×0.5 mm. Using the integrated optical microscope, individual particles with more 
than 75 µm distance to the closest neighbour were identified for the test. The chosen 
particles were only tested once, which means that each test was performed on a virgin 
particle. For each set of experiments, at least five individual particles were tested in order to 
check the repeatability of the results. After the mechanical test, the morphological 
observation of tested particles was performed using a scanning electron microscope (SEM) 
Zeiss Ultra 55 LE FESEM. 
 
3. Results and discussion 
Typical compression force-deformation curves for a Ni/Au coated polymer particle and an 
uncoated polymer particle are shown in Fig. 2. Here deformation is defined as the ratio of 
the deformed particle height to the undeformed diameter. The loading behaviour of the 
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coated particle can be divided into three stages comparing with the loading behaviour of the 
uncoated one. In stage I, the stiffness of the coated particle is prominently higher than the 
uncoated one and increase monotonously until about 18% deformation. In stage II, the 
deformation increases from 18% to around 43%. A displacement burst at about 18% 
deformation indicates that a very significant event is taking place in the Ni/Au coating, 
probably including both cracking and delamination from the polymer core. Within the 20 
ms timeframe of the displacement burst, given by the measurement sampling frequency, the 
deformation rapidly increases from typically 18% to 23%. However, the coated particle 
behaves still harder than the uncoated one, indicating that there are some mechanical 
integrity in the metal layer and adhesion to the polymer core left. Once the deformation 
exceeds around 43%, the loading curves of the coated and uncoated particles seem to 
overlap each other and the metal coating does not influence the particle behaviour in stage 
III. The results reveal that the Ni/Au coating initially plays a significant strengthening 
effect on the mechanical behaviour of the particle. As the deformation is up to 
approximately 18%, the influence of the coating gradually decreases. Until approximately 
43% deformation where the effect of the Ni/Au coating disappears completely, the coated 
particle behaves the same as the uncoated particle.  
 
Fig. 2. Representative compression force-deformation curves of a metal coated and an uncoated 
polymer particle. 
 
Fig. 3 shows the representative force-deformation behaviour of Ni/Au coated particles 
compressed to five applied peak loads 1000, 1500, 2000, 3000 and 10000 µN with 
loading/unloading rate 2000 µN/s. The loading segments of the five curves, and even the 
displacement burst points at approximately 18% deformation, are remarkably coincident. 
The characteristic SEM images of the corresponding five particles are shown in Fig. 4. All 
images are taken from top view, in the direction of the compression.  
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Fig. 3. Representative compression force-deformation curves of the metal coated polymer particles 
at five peak loads 1000, 1500, 2000, 3000 and 10000 µN. 
The loading behaviour of the particle tested at 1000 µN peak load is located in the stage 
I. The maximum deformation of the particle is about 11% and less than the displacement 
burst deformation 18%. After unloading the particle recovers completely without any 
residual deformation. The hysteresis effect observed in the force-deformation curves is 
mainly caused by the viscoelastic properties of the polymer core [13,14]. The 
corresponding SEM image of this particle is displayed in Fig. 4 (a). The microcracks can be 
observed within what has been the contact area between the flat punch and the particle. 
Because of the complete recovery, these microcracks can be considered as the local 
response to the initial deformation and have a neglectable influence on the macroscopic 
behaviour of the particle.  
Increasing the peak load to 1500, 2000 and 3000 µN, the loading behaviours of the 
particles go into the stage II in Fig. 2 and the force-deformation curve passes through the 
burst point. In these cases, the particles partly recover and have a residual deformation after 
unloading. The micrographs of three particles are shown in Fig. 4 (b), (c) and (d). A 
flattened surface area in each image is observed which indicates residual deformation and 
corresponds with the expected contact area under maximum deformation. All images 
clearly exhibit cracking of the Ni/Au coating and delamination between the metal coating 
and the polymer core. The cracking and delamination are obviously aggravated with 
increasing peak loads. The crack propagation is parallel to the longitudinal direction of the 
particles, and the delamination usually occurs underneath the cracks or by the warping of 
the Ni/Au coating. In Fig. 4 (d) two microcracks on the top-left are observed, probably 
starting from the “bottom” side of the particle. The results demonstrate that the 
displacement burst in the stage II is caused by the cracking of the Ni/Au coating, or the 
delamination between the Ni/Au coating and the polymer core or a combination of the two. 
From thereon the strengthening effect of the metal coating is reduced dramatically. 
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(a)                                                              (b) 
   
(c)                                                                     (d) 
 
(e) 
Fig. 4. Characteristic SEM images of Ni/Au coated particles at five peak loads (a) 1000 µN; (b) 
1500 µN; (c) 2000 µN; (d) 3000 µN and (e) 10000 µN. C represents the crack behaviour on the 
Ni/Au coating and D the delamination of the metal coating. Electron high tension (EHT)=1.0 kV; 
working distance (WD)=4.0 mm. (Photo by Tor A. Nilsen) 
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The final fracture of the entire particle is observed in Fig. 3, which means the polymer 
core is also crushed and presented by the second displacement burst at about 58% 
deformation on the force-deformation curve. The crushed fragment of the particle is shown 
in Fig. 4 (e). The micrograph explicitly shows the polymer core fracture together with 
cracking and delamination of the Ni/Au coating. It is difficult to identify the fracture 
direction of the polymer core because the particle is possibly rotated during the final 
fracture. Through comparing two force-deformation curves presented by the solid square 
lines in Fig. 2 and Fig. 3, it is worth noting that not all coated particles show the polymer 
core fracture. A statistical result that about 50% coated particles showed the final fracture 
has been obtained by additionally compressing a number of individual particles. However, 
there was no fracture observed on the uncoated particles at the same 10000 µN peak load. 
There are three possible explanations for this observation. One is that the Ni/Au coating 
fragments might induce defects to the polymer core during the cracking of the coating. As 
shown in Fig. 4 (e), the coating fragment marked in ellipse has entered the polymer core 
and possibly creates an initiation site for the polymer core fracture. The second explanation 
is that the total load carried by the Ni/Au coating is transferred to the polymer core instantly 
when the cracking of the coating happens. This may induce an impact effect to the polymer 
core. Considering that the coated particle behaves almost identically with the uncoated 
particles when deformation is up to 43%, that is to say, no significant dynamic effect is 
observed on the coated particle in this region. Therefore this “impact” mechanism is of 
secondary nature. The last explanation is that the polymer core could be lightly altered 
during the plating process. A typical plating process involves a relative strong etching on 
the polymer surface to introduce nucleation sites.  
 
4. Conclusions 
This work investigates the effect of the metal coating, and its cracking and delamination on 
the deformation behaviour of the Ni/Au coated polymer particles. According to the effect of 
the metal coating, three stages could be identified in the deformation process. Initially the 
Ni/Au coating has a striking strengthening effect, where the deformation is mainly 
contributed by stretching the Ni/Au coating so the coated particle is harder than the 
uncoated one. Secondly, the effect of Ni/Au coating is significantly reduced when the 
cracking of the Ni/Au coating and the delamination between the Ni/Au coating and the 
polymer core occur. The critical deformation for the cracking and delamination of the metal 
coating is around 18%. In the third and last phase with a deformation above approximately 
43%, the coated particle shows nearly identical behaviour as the uncoated one. Fracture of 
the polymer core does partly occur on metal coated particles while not on uncoated polymer 
particles. These results are integrated effects of particles geometry and material. The 
findings have important implications in the design of the metal coated polymer particles for 
the ACA application.   
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ABSTRACT 
The mechanical characterization of single micron sized polymer particles is very important 
for understanding the Anisotropic Conductive Adhesives (ACA) interconnection. In this 
paper, a nanoindentation-based flat punch method has been employed to investigate the 
mechanical properties of single polymer particles. A diamond flat tip, instead of a 
commonly used sharp tip for indentation, has been specially designed to deform single 
polymer particles. The maximum applied load is 10mN and the linear loading/unloading 
rate is 2mN/s. Two types of amorphous polymer particles have been examined. The 
polymer particles display significantly different stress-strain behaviours. The material 
responses at different strain levels have been analyzed and compared. A particle size effect, 
the smaller the diameter is, the harder the particle is, on the compression stress-strain 
behaviour has been observed.  
 
Keywords: Amorphous; Crosslinking; Mechanical properties; Stress; Strain. 
 
1. Introduction 
Polymer particles have received much attention in materials science, pharmaceutical and 
chemical industries because of their novel characteristics, such as the strong adsorption 
capability, the surface reactive ability and the large specific surface area. Examples include 
carriers for biomolecules in the biomedical field [1], the reinforced composite in light 
concrete [2], and the toughening phase in the high-impact polymer materials [3-6], etc. 
Recently there is a renewed interest in exploiting polymer particles towards the use in the 
manufacturing of electronics and microsystems. One example is the use of metal-coated 
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polymer particles in the Anisotropic Conductive Adhesives (ACA), in which typical size of 
particles are from 3 to 10 microns. The metal-coated polymer particles have potential 
advantages in terms of reduced package size, being lead-free and by reducing 
manufacturing cost. The substitute of compact metal particles with metal-coated polymer 
particles improves the compliance of the interconnection and hence enhances the reliability 
of the assembly [7-12]. The electrical characteristics as well as the reliability of the 
interconnection are partly determined by mechanical performance of polymer particles. 
There is also a significant interest for lager metal-coated polymer particles with the 
diameter of 50 to several hundred microns for use in Ball Grid Arrays (BGA) and Chip 
Scale Packaging (CSP). In these applications, the added compliance is expected to improve 
the reliability of the interconnect. There is a also crucial advantage in terms of reduced 
environmental impact, by reducing the amount of heavy metals [13-15]. Therefore the 
knowledge of mechanical properties of single polymer and metal-coated polymer particles 
is of great interest for many potential applications. 
Most of studies on polymer particles have been focused on synthetic methods and 
processes. The literature concerning mechanical properties of single particles is relatively 
sparse. However, mechanical characterization of single particles possesses challenges due 
to the inherent complexity of the spherical geometry as well as the large deformation 
involved.  
In the past, the mechanical behaviour and electrical resistance of ACA assemblies were 
typically measured through grouping a number of particles (typically several hundreds) 
between two polished silicon chips [8,16]. Mostly, ACA assemblies were designed to 
determine the mechanical and electrical contact properties of the interconnect component 
including metal-coated polymer particles. The effect of elastic recovery on the electrical 
contact resistance, the degradation mechanism and the reliability of ACA interconnections 
were investigated [17,18]. Nanoindentation with a sharp tip has been used to study 
mechanical behaviours on the cross section of polymer particles within the bulk ACA 
interconnection at various deformation degrees. The aim was to investigate the effect of 
bonding pressures on the particle properties. It was found that the microhardness at the 
central area was higher than that at the outside because of the lower constraints at the 
outside [19,20]. Subsequently, nanoindentation-based flat punch method was tentatively 
developed to compress single polymer particles and analyzed ACA performance under 
different deformation levels [11,21]. A study on mechanical properties of single polymer 
particles by nanoindentation-based flat punch test has been performed. The effects of the 
swelling ratio and the backbone chain structure on mechanical properties and surface 
morphologies were investigated [22,23]. Recently the study on the deformation of single 
Ni/Au coated polymer particles was reported [24]. The results showed that the particle 
deformation process was nonlinear and the force/deformation at which particle crushing 
occurs was affected by the loading rate. 
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The present work reports the results of an experimental study on single polymer 
particles under compression. A nanoindentation-based flat punch method has been 
employed to test the particles with two different types of polymer compositions and 
different sizes in micron scale. The compression force – displacement behaviours have been 
established and the stress-strain relationships have been analyzed to examine the material 
response of polymer particles at different strain levels. 
 
2. Experimental setup 
2.1 Apparatus 
The mechanical testing of single polymer particles has been performed using a 
nanomechanical testing system (TriboIndenter® Hysitron Inc., MN., USA) which is capable 
of operating in load or displacement controlled modes with load and displacement noise 
floor of 100nN and 1nm, respectively. During indentation, the force – displacement curves 
of tested materials are recorded. Nanoindentation-based flat punch method has been 
developed to characterize an individual particle and a schematic figure is shown in Fig. 1 
(a). A square diamond flat punch with 100μm sides has been specially designed to 
compress polymer particles. The flat punch requires precise calibration, especially with 
respect to coplanarity. The flat punch was first cleaned to remove defects such as dust or 
external impurities. The coplanarity of the flat punch was calibrated by indents into a 
polished indium surface. A clear impression on the indium surface was required for the flat 
punch to be acceptable. Also the relative position between the integrated optical microscope 
and the flat punch is evaluated in the same way to calibrate the in-situ test setting. Using the 
optical microscope, single particles with more than 75μm distance to the closest neighbour 
was selected for the test. The single particle was then compressed between the diamond flat 
punch and the silicon substrate.  
2.2 Materials 
The commercially available acrylic copolymer (AC) particles (ConcoreTM, Conpart AS, NO) 
and polystyrene (PS) particles (Dynospheres®, Invitrogen Dynal AS, NO) have been tested. 
Both particles have been synthesized by an activated swelling method developed by 
Ugelstad, which produce highly mono-sized particles [25]. The coefficient of variance (CV) 
of the particle size distribution is less than 2%, where CV is defined as the ratio of the 
standard deviation to the mean diameter. The AC particles are strongly crosslinked, 
whereas the PS particles are slightly crosslinked with divinylbenzene (DVB). The particles 
have an amorphous structure at room temperature. The glass transition temperatures have 
been estimated based on the chemical compositions of the particles. The particles and their 
physical properties are given in Table 1. AC1, AC2 and AC3 have identical chemical 
compositions but different sizes, and the same is true for particle PS1 and PS2. 
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Table 1 The physical properties of the tested particles. 
Composition, wt% 
Particle 
Diameter 
2R, μm 
estimated 
Tg,°C diacrylic acrylic styrene DVB 
AC1  3.0 42 60 40 —— —— 
AC2  3.8 42 60 40 —— —— 
AC3  4.8 42 60 40 —— —— 
PS1  2.6 100 —— —— 98 2 
PS2  5.1 100 —— —— 98 2 
 
During the sample preparation, a very small amount of the polymer particles were 
immersed in 95% industrial ethanol and exposed to a high frequency ultrasonic vibration to 
redisperse the particle clusters and to minimize the liquid surface tension effect. A droplet 
of the ethanol – particle suspension was placed onto a bare silicon chip 
(10mm×10mm×0.5mm). The specimen was then left to dry in a clean environment for a 
specific period of time to remove any ethanol left in particles. It was easy to distinguish 
single particles from a cluster of two or more particles using the attached optical 
microscope in the Triboindenter. 
2.3 Method 
Fig. 1 shows the contact between a diamond flat punch and a single polymer particle. All 
tests were been performed in air and at room temperature (23°C). The room humidity was 
kept constant about 30% through an air ventilation system. The standard load-controlled 
mode has been selected for all particles in which the applied load is following a predefined 
load function. The load function with a peak load of 10mN and linear loading/unloading 
rate of 2mN/s has been used. A typical indentation has been completed in 12 seconds which 
consists of a linear loading/unloading segment for 5 seconds and a 2 seconds load holding 
segment at peak load. Before indentation started, the drift rate of the instrument was 
monitored for 40 seconds at a pre-load of 1μN, and an average drift rate calculated by 
fitting a straight line to the drift displacement versus time during the last 20 seconds was 
used to correct the resulting data. Typically small drift rates of the order of 0.1 nm/s was 
observed. For each group of particles, at least four single particles have been tested in order 
to check the repeatability of the results. 
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(a)                                                                (b) 
Fig. 1. Schematic plots of the flat punch test (a) and model description (b). 
3. Results and discussion 
3.1 Experimental results 
The loading and unloading behaviours of different indentations for each group of particles 
are found to be very consistent. Even the fracture of the smallest AC particles occurs at the 
almost same load level each time. The indentation curves for single AC particles with 
identical chemical compositions, 60% diacrylate and 40% acrylate, AC1, AC2 and AC3 are 
shown in Fig. 2. The particle AC1 shows destructive failure at a displacement of 
1.84±0.02µm, which is corresponding to 61.3±0.7% deformation level. At this point, the 
particle immediately breaks down with a close to 20% increase in deformation. No failure 
points are observed for AC2 and AC3 under the 10mN peak load where maximum 
deformation for AC2 is 56.7±0.3% and for AC3 51.5±0.9%, respectively. After unloading 
the displacement recoveries for AC2 and AC3 are around 47.3% and 54.7%, which is 
defined as the ratio of the recovered displacement to the maximum displacement and 
represents the particle recoverability after being deformed by compression.  
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Fig. 2. Representative flat punch test load-displacement curves of particle AC1, AC2 and AC3. 
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Another widely used polymer material, polystyrene particles PS1 and PS2 are also 
tested. Two PS particles are made of same chemistry: 98% polystyrene slightly crosslinked 
with 2% divinylbenzene. The compression force – displacement curves for two single PS 
particles are plotted in Fig. 3. Unlike the AC particles, the smaller PS particles do not show 
the explicit fracture behaviour. However, there is hardly any displacement recovery for 
either PS1 or PS2 after unloading. The maximum deformation at the 10mN peak load for 
PS1 and PS2 are 87±0.6% and 74.8±0.5%, respectively. 
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Fig. 3. Representative flat punch test load-displacement curves of particle PS1 and PS2. 
 
3.2 Stress-strain behaviours 
There are several analytical models describing the contact between a deformable sphere and 
a rigid flat [26]. The well-known Hertz theory can be applied for small deformation contact 
of linear elastic materials and states that the contact force is proportional to the power 1.5 of 
the displacement [27,28]. Hertz model is based on the following assumptions: the contact 
area between two elastic spheres is much smaller than the sphere size; the normal contact 
between two spheres is frictionless; and the stress distribution within the contact area is 
obtained by considering concentrated force applied to an elastic half space and the effect of 
the sphere boundary on the contact deformation is neglected. For a somewhat larger 
deformation scale, Tatara theory could be used to predict the non-linear elastic response of 
elastomeric spheres, which predicts the contact force – displacement relationship with the 
power of 3 [29,30]. Tatara theory can be considered as an extension of Hertz model, which 
is the result of removing two of the main requirements for using Hertz theory, namely the 
small deformations and linear elasticity. However, Hertz and Tatara theories are still valid 
in small strain scale. Zhang’s model, which is based on finite element analysis, introduces 
explicit solutions for the compression stress-strain relationship of linear elastic materials for 
large deformation [31]. Zhang’s model claims that the contact force is approximately 
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proportional to the power 1.52 of the displacement. However, in this study a deformation 
above 50% has been reached and none of the existing theories are therefore applicable. 
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Fig. 4. Compression stress-strain behaviours of polymer particle (a) AC1, AC2 and AC3 and (b) 
PS1 and PS2. 
 
During indentation, both microstructure and geometry of particles influence the 
compression behaviour. Therefore normalization of the experimental results should be used 
to remove the effect of particle dimensions. The volume and Poisson’s ratio of polymer 
particles might change continuously with the large deformation because of the polymer 
nature and the sphere geometry [32,33]. It is impossible to obtain the true stress-strain 
behaviours of particles from the actual experiment. The nominal compression stress-strain 
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relationships of the particles are therefore calculated based on the diameter and the cross 
sectional area of the undeformed particle: 
2πR
P
N   and R
D
N                                                                                    (1) 
where P is the applied force, D is the half displacement and R is the initial particle radius, 
shown in Fig. 1 (b). The resulting stress-strain curves are plotted in Fig. 4. The focus of this 
study is the loading part and the unloading stress-strain curves are omitted. 
A comparison of the AC particle and PS particle is shown in Fig. 5 where the smaller 
particles AC1 and PS1 are plotted. The stress-strain curve of the AC particle appears to rise 
monotonically. The PS particle displays a longer plateau than the AC particle, which means 
that the PS particle has better deformation resistance at lower stress level. The AC particle 
behaves softer than the PS particle when the strain is less than 22%. The AC particle 
therefore shows more brittle behaviour than the PS particle. 
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Fig. 5. Comparison of AC and PS particles. 
 
According to Zhang’s model [31], the compression stress-strain behaviour for any given 
Poisson’s ratio can be described as: 

 K
K
C
C 3.0)(                                                                        (2) 
where 3.0)( 

K
C  is the finite element solution with Poisson’s ratio of 0.3 and K  is the 
reference compression modulus. It has been shown that for the cases with larger Poisson’s 
ratio ( 3.0 ) involved, the reference modulus is a good representation of the actual 
compression modulus. 
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The finite element solution for the case with Poisson’s ratio of 0.3 has been fitted by a 
cubic polynomial: 
3
C
2
CC3.0
C 122.199.0033.0)(   K , for %10%1  C                               (3) 
3
C
2
CC3.0
C 5724.05105.00667.0)(   K , for %20%10  C                  (4) 
When the deformation rises over 20%, there is no unique solution for particle 
compression and the finite element results for each group of particles have to be considered 
separately. The reference compression modulus K  with 3.0  for the particles is shown 
in Fig. 6 for a range up to 40 % strain. The compression modulus of the PS particles is more 
evenly distributed than the AC particles. The compression modulus of the PS particles is 
steadily decreasing in the strain interval from 1% to 40%. This can possibly be explained 
by local plastic flow as well as observed surface cracking in the material. 
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Fig. 6. Estimated reference compression modulus. 
 
To investigate the stress-strain behaviours of amorphous polymers, the most reliable 
method is uniaxial compression or shear measurement, in order to avoid the craze 
formation that can occur in tensile tests. Depending on materials and deformation 
conditions such as strain rate and temperature, the amorphous polymer usually contains 
three types of nonuniform deformation processes which are yield behaviour, rubber-like 
behaviour and brittle fracture [34-36]. Yield behaviour exhibits an initially linear portion 
corresponding to purely elastic behaviour. With increasing stress, a non-linear elastic 
behaviour occurs where the strain goes back to zero after unloading, but along a curve 
slightly lower than the linear elastic one. A yielding and strain softening portion is observed, 
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representing the presence of a permanent deformation. At a large strain level, polymer 
begins to show strain hardening which is evident by a dramatic upturn in the stress-strain 
curve. For rubber-like behaviour the plastic flow occurs at the same stress level as that 
required for the yielding so the strain softening does not exist. The polymer is experienced 
a long plastic flow process due to the stretch of long chains. In the case of brittle fracture 
behaviour, the strain hardening happens very close to yield point or even no clear yield 
point exists resulting from the suppressed strain softening and plastic flow.  
In the compression stress-strain curves for the three AC particles in Fig. 4 (a), it is 
important to note that there is no clear yielding evidence and no presence of plastic flow. 
The AC particles behave more or less brittle fracture. The AC particles first possess a stiff 
response shown as zone I in Fig. 4 (a). And at zone II, the particles exhibit a non-linear 
deformation in which particles reach yielding and have a continuous process of local 
configurational rearrangements of molecular segments [32,37]. At higher strain level 
around 30%, an abrupt increase of stress occurs which represents the strain hardening in 
zone III. Finally, the smallest particle AC1 collapses at around 61% strain whereas the 
larger particles AC2 and AC3 deform up to 56% and 51% strain. Unlike the AC particles, 
the PS particles agree with the rubber-like behaviour pattern, seen in Fig. 4 (b). In the 
stress-strain curves the PS particles have an initially stiff response as zone I, the definite 
yielding point, long plateau implying the plastic flow behaviour within zone II and the final 
strain hardening in zone III. The larger particle PS1 displays a plateau from 20% to 40% 
strain and the smaller particle PS2 exhibits even longer plateau of plastic flow from 15% to 
38% strain. The PS2 deforms up to 80% without showing any critical fracture point. In Fig. 
5 the stress-strain behaviours of two types of particles are plotted and the difference 
between them is very clear. The PS particles experience a high degree of deformation with 
a long plateau while the AC particles rise continuously.  
In Fig. 6 the compression modulus is considered as occurring in two zones according to 
the proceeding analysis. In zone I the compression modulus of particles decreases very fast 
within 10% compression strain. When the compression strain is above 10%, as shown in 
zone II, the decrease of the compression modulus becomes slower and trends to be constant. 
At the small strain level, the strain rate is much higher than the large strain level. In this 
case the deformation of particles is dominated by viscosity through resisting shear flow. As 
the strain increases the strain rate is decreasing gradually and the effect of viscosity 
becomes weaker and weaker. 
3.3 Size effect 
The stress-strain relationship is one of the constitutive properties of materials. From the 
continuum mechanics point of view, for a specific material with different specimen 
dimensions but same chemistry, all stress-strain curves should collapse into one. But in Fig. 
4 (a) and (b), a particle size effect can be clearly observed for both AC and PS particles in 
the embedded diagrams. For the AC particles in Fig. 4 (a), the compressive stress-strain 
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behaviours are particle size dependent, the smaller the diameter is, the harder the particles 
behave. The smallest particle AC1 is the hardest while the biggest AC3 is the softest. In Fig. 
4 (b), for the PS particles, the size dependence of the stress-strain behaviours becomes even 
more pronounced.  
The nominal compression stress of the AC and PS particles at 4% and 8% deformation 
levels are plotted in Fig. 7, in which the compression stress is normalized by the 
corresponding value of the smallest particle AC1 for AC particles and the smaller particle 
PS1 for PS particles. At 4% strain level, the compression stress of the particle AC3 is 
almost 40% lower than that of the particle AC1; and PS2 is even 50% lower than PS1. 
Increasing strain to 8%, the particle size-dependence becomes weaker which shows that the 
difference between AC1 and AC3 decreases to 26% and it is 30% between PS1 and PS2. 
The trend of particle size-dependent stress is consistent to the previous findings, where 
constant displacement rates and constant deformation levels were used [38]. 
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Fig. 7. Particle size dependence of the normalized stress. 
 
In the present study the instrument is operating with a constant loading rate and peak 
load, which means that the strain rate is significantly reduced as the displacement increases. 
This can possibly be interpreted by a viscous material model where the viscous effects are 
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significant at low contact strain. The nonuniform strain rate can possibly cause the different 
viscous response resulting in the dependence of the stress-strain behaviours on the particle 
size. During the synthesis of the polymer particles, the crosslinking monomer diffuses 
through the water phase and into the polymer seeds causing it to expand [25]. After 
polymerization, the distribution of the crosslinking monomer inside the polymer particles is 
determined by diffusion conditions such as monomer concentration in solvent, temperature, 
monomer hydrophilicity and reaction time. A conceivable inhomogeneity of crosslink 
distribution can induce uneven microstructure, which might influence mechanical 
behaviours of the polymer particles. The particle size effect can also be induced by a pre-
strain due to the liquid surface tension and the adhesion between particles and the silicon 
chip or the diamond flat punch. The pre-strain has a relatively significant effect on the 
smaller particles than the larger particles. Also the energy imposed onto the particles during 
indentation can cause temperature effects that can alter the mechanical properties of the 
polymer particles. There is a significant hysteresis in the loading – unloading curve, which 
suggests that mechanical energy is transformed into heat and therefore leads to a 
temperature rise of the particles. Within the time scale of the experiment some of this 
thermal energy is dissipated to the silicon chip and the diamond flat punch. The thermal 
effect is varied with the different particle sizes. The strong temperature dependence of 
mechanical properties then leads to the variation of the stress-strain behaviours. 
 
4. Conclusion 
An experimental investigation of the mechanical behaviours of micron-sized polymer 
particles is performed using the nanoindentation-base flat punch method. The following 
conclusions can be drawn from the presented results and interpretations. 
The compression force – displacement behaviours of two polymer particles (acrylic and 
polystyrene) have been established using nanoindentation-based flat punch technique. It has 
been demonstrated that it is possible to distinguish the mechanical properties of different 
polymer particles from indentation results. The evident fracture of polymer particles can be 
observed directly in the force – displacement curves. 
Comparing the stress-strain relationships of AC and PS particles, the AC particles show 
brittle fracture behaviour while the polystyrene particles comply with yield behaviour. The 
smaller particles of both types of polymers display more distinct viscosity than the larger 
particles. 
A particle size effect on the stress-strain behaviours is observed on both polymer 
particles: the smaller the diameter is, the harder the particles are. The size-dependence of 
the compression stress is reduced when the strain increases. Further understanding of the 
particle size-dependent mechanisms is required. 
The results can be used to design particle properties for ACA assemblies. 
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ABSTRACT 
Compression behaviours of individual micron-sized acrylic particles have been studied by 
using a nanoindentation-based method with a flat-end tip, instead of a commonly used 
sharp tip. The effect of loading rate on the mechanical properties of the high monodisperse 
acrylic particles, such as K-value, breaking force and breaking displacement, has been 
investigated. A wide range of loading rate conditions has been applied to examine the 
sensitivity of selected mechanical properties. It has been observed that the loading rate has 
a significant effect on K-value and breaking force whereas breaking displacement is 
independent of loading rate. These results facilitate the industrial applications of acrylic 
particles. 
 
Keywords: Acrylic particle; Nanoindentation; Flat punch; Compression; Mechanical 
properties; Fracture. 
 
1. Introduction 
Monodisperse polymer particles in micron size have gained a lot of interest due to wide and 
potential applications. Recently, the focus has been on the development of new electronic 
packaging technologies by metallizing polymer particles, such as the application in 
Anisotropic Conductive Adhesives (ACAs) [1,2]. The use of metal coated polymer particles 
in ACAs is an effective method for making products smaller/lighter and developing the 
environmentally friendly processes by replacing conventional solders. However, 
mechanical properties of these polymer particles are important to achieve a reliable and low 
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resistance connection. Because of the small volume and the spherical geometry involved, 
mechanical characterization of polymer particles possesses great challenges, especially 
individual particles. Only limited studies have been conducted on the mechanical 
characterization of such particles so far. Nanoindentation-based flat punch technique has 
been recently developed to test individual particles and analyze the deformation effect on 
the electrical performance of ACA assemblies [3-9].  
The present work reports the mechanical response of individual acrylic copolymer 
particles under compression. The effect of loading rate on compression modulus K-value, 
breaking force and breaking displacement of particles, have been investigated by using a 
nanoindentation-based flat punch method.  
 
2. Experiment 
The commercially available acrylic copolymer particles (ConcoreTM, Conpart AS, NO) with 
a size of 3.0µm in diameter have been studied. The particles are synthesized using a multi-
step swelling method developed by Ugelstad, which produces highly monosized particles 
[10]. The coefficient of variance (CV) of particle size distribution is 1.7% in which CV is 
defined as the ratio of the standard deviation to the mean diameter. From the SEM 
micrograph in Fig.1 it can be seen that the tested particles have remarkably uniform size. 
The particles are strongly crosslinked by 40wt% acrylic with 60wt% diacrylic, and show an 
amorphous structure at room temperature. The dry particles have been dispersed into 
ethanol and then the diluted suspension has been dropped onto a silicon chip. After this 
process, a number of individual particles are easily identified on the silicon chip using an 
optical microscope.  
A nanoindentation device (Triboindenter® Hysitron Inc., MN, USA) has been employed 
to test individual acrylic particles. The effective accuracies are 100nN and 1nm in current 
lab circumstances which are obtained through the indentation in air. Instead of an ordinary 
spherical or pyramidal tip for nanohardness measurement, a diamond flat punch with 
100µm in diameter has been specially designed to compress individual particles. The 
planarity of the flat punch and the parallelism of the tip surface and the sample substrate 
have been carefully calibrated using a polished indium sample. The conditions of four 
loading/unloading rates 0.02, 0.2, 2 and 10mN/s and peak load 10mN have been applied to 
compress particles. For each set of loading conditions, at least three individual particles 
have been tested in order to check the uniformity of results. A lot of experience with testing 
Ugelstad particles has proven that particles from the same manufacturing batch show 
remarkably consistent behaviour [4]. This indicates a very homogeneous material including 
narrow size distribution, uniform microstructure and identical chemistry as well as highly 
reproducible test setup. 
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Fig. 1. The SEM photograph of acrylic particles with the size of 3.0µm in diameter. 
 
3. Results and discussion 
The representative force-displacement curves of particles at four applied loading rates are 
shown in Fig.2a. In the initial period of compression, the particles deform very fast and the 
particle stiffness increases with the deformation, where the stiffness and the deformation 
are defined as the ratio of the force to the contact displacement and the ratio of the 
displacement to the undeformed particle diameter, respectively. The rate of stiffness 
increase drops when the deformation reaches a relatively high level. Over 50% deformation, 
particles show a displacement burst, which means the fracture of particles. The 
characteristic SEM images of particles before and after compression are shown in Fig.2b 
and Fig.2c, respectively. The particle is completely fragmented under the compression with 
the 2mN/s loading rate and the 10mN peak load. 
The K-value represents the compression modulus of particles and is examined at points 
of 10% and 20% deformation. According to Zhang’s finite element analysis (FEA) based 
contact model [11], K-value can be calculated from:  

 K
K
C
C 3.0)(                                                                        (1) 
where C  is the nominal compression stress and defined as 2πR
P
C  , and the 
corresponding nominal compression strain is defined as 
R
D
C  . Here P is the applied 
force, R is undeformed particle radius and D is compression displacement of the half sphere, 
respectively. The term 3.0)( 

K
C  is the FEA solution with Poisson’s ratio of 0.3 and K  is 
the reference compression modulus. It has been shown that the reference modulus is a good 
representation of the actual compression modulus for the cases of larger Poisson’s ratio 
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( 3.0 ) involved [11]. The FEA solution for the case with Poisson’s ratio of 0.3 has been 
fitted by two cubic polynomials for different deformation levels: 
3
C
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CC3.0
C 122.199.0033.0)(   K , for %10%1  C                               (2) 
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CC3.0
C 5724.05105.00667.0)(   K , for %20%10  C                  (3) 
 
 
   
Fig. 2. Representative compression force-displacement curves of acrylic particles at different 
loading rate (a), and characteristic SEM images of (b) a fresh particle and (c) a compressed particle 
at the peak load of 10mN with the loading rate of 2mN/s. 
 
The relationship of the K-value to the loading rate is displayed in Fig.3. K10 which 
represents the K-value at 10% deformation is obtained using Equation (2). Similarly K20 is 
calculated by Equation (3) at 20% deformation. Both K-values are increasing with 
increased loading rate. The value of K20 at the loading rate 10mN/s is 54.7% higher than 
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that at the loading rate 0.02mN/s. The increase of K10 with loading rates is more 
pronounced than K20. The increment of K10 is 62.1% when the loading rate is varied from 
0.02 to 10mN/s. It is worth noting that K10 is much larger than the corresponding K20 at the 
same loading rate. From the continuum mechanics viewpoint, Young’s modulus is one of 
the material constitutive properties and a material constant. The possible explanation for the 
observation in this study is that the Young’s modulus of polymer particles can be strain 
dependent under compression. Since the density of polymer particles is varied with 
deformation due to the polymer nature and the sphere geometry, the volume and Poisson’s 
ratio are also changed [12]. This will result in a variation on Young’s modulus of the 
polymer particles. However, deformation of the polymer particle is complex, since the high 
strain is located in very small areas when the compression starts from the point contact. 
Those behaviours are a combination of geometrical effect and material nonlinearity. 
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Fig. 3. Plots of particle K-value at 10% and 20% deformation points versus loading rate. 
 
In Fig.2a the particles show the clear evidence of final fracture represented by a 
displacement burst in loading curves and it has been further proven by the SEM micrograph 
in Fig.2c. The fracture properties of polymer particles are also influenced by the loading 
conditions. The effect of varying loading rates on the breaking force and the breaking 
displacement which are the corresponding values at the rupture point is shown in Fig.4. The 
results show that the force at the crush point is at its highest, about 9.7mN when the loading 
rate is 10mN/s. Subsequently the breaking force decreases to 8.5mN at the smallest loading 
rate 0.02mN/s. Unlike the breaking force which increases with loading rates, the values of 
breaking displacement at different loading rates are scattered within a very small range. At 
the 10mN/s loading rate, particles deform 1.94µm before crushing, which is around 64.3% 
of the original particle size. When the loading rate is 2mN/s, breaking displacement drops 
to about 1.91µm or 63.7% deformation. The smallest breaking displacement which is about 
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1.88µm, around 62.7% deformation, occurs at the loading rate of 0.2mN/s. As the loading 
rate is down to 0.02mN/s, breaking displacement shows an almost identical value as that at 
10mN/s. However, such small variations on the breaking displacement can be caused by 
experimental errors rather than material responses. It indicates that the polymer particles 
contain a very homogenous microstructure without noticeable material flaws or inclusions. 
It appears that breaking displacement is independent of the compression loading rate, 
whereas breaking force is influenced by the loading rate in accordance with the increased 
compression modulus. 
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Fig. 4. Plots of particle breaking force and breaking displacement versus loading rate. 
 
The mechanical behaviour of polymer materials is usually described with their 
viscoelastic characteristics, depending on the time and the temperature [13]. Therefore the 
acrylic particle behaviour is significantly time-dependent due to the fading memory effect 
of viscoelastic materials, which embodies that the force-displacement relationships of 
particles are strain rate dependent. Even though at same deformation levels, various loading 
rates of the particles induce different strain rates. Higher loading rates lead to the larger 
compression modulus due to the reduced time available for the stresses redistributing in 
terms of molecular chain rearrangement and reorientation within particles. This causes a 
more brittle behaviour of the particles with the higher loading rate. On the other hand, the 
fracture of particles is predominantly a function of energy losses to local plastic 
deformation [14]. The chemical units in strongly crosslinked acrylic particles reduce the 
probability of developing local plastic deformations in which plastic deformation may 
occur by induced elastic shear deformations with the formation of slippage bands or the 
formation of microcracks.   
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4. Conclusions 
In summary, this study demonstrates a nanoindentation-based flat punch method for 
measuring mechanical properties of single acrylic particles with a narrow size distribution. 
The effect of loading rate on mechanical properties has been investigated and the results 
show that the loading rate strongly influences the particle deformation behaviour. 
Compression modulus K-value and breaking force are very sensitive to the variation in 
loading rate. With increasing loading rates, the K-value increases due to less time for the 
particle to recover. Breaking displacement at fracture point appears to be independent of 
loading rate, whereas breaking force is influenced by the loading rate. The results indicate 
that the particle fracture is controlled by the deformation degree and not the amount of 
force.   
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